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Abstract
The inducible, NAD-linked glycerol dehydrogenase (E.C. 1.1.1.6) of a guanine requiring mutant of A.
aerogenes has been purified to homogeneity. The molecular weight of the pure enzyme was found to be
3.4 x 105 daltons. The sedimentation coefficient of the enzyme was 10.7 x 10-13 sec.-1. The diffusion
constant was 3.07 x 10-7 cm2/sec.
The partial specific volume calculated from the amino acid composition was 0.72 ml/g. The following
kinetic parameters were determined; Km glycerol, 2.4 x 10-3 m, Km NAD, 2.8 x 10-4 M, Km
dihydroxyacetone, 5.1 x 10-4 M, Km NADH, 2.3 x 10-5 M.
During the course of the purification of the enzyme it was found that multiple peaks of enzyme activity
were eluted from ion-exchange chromatography experiments. Ultracentrifugation experiments with the
enzyme treated with urea and dithiothreitol, and with dithiothreitol and p- hydroxymercuribenzoate in the
presence of guanidinium chloride indicated that the isolated enzyme is composed of subunits. The
untreated enzyme, with a molecular weight of 3.4 x 105 daltons, is a hexamer of a species of molecular
weight 5.6 x 104 daltons. This species in turn is a dimer of a species of molecular weight 2.8 x 104
daltons. Disulfide bonds between the smallest species are responsible for the stability of the dimer, while
the untreated hexamer of the dimers is stabilized by ionic and hydrophobic forces Thirteen major peaks
and one minor peak of enzyme activity were consistently eluted during ion-exchange experiments with the
native enzyme. Polyacrylamide gel electrophoresis of the enzyme treated with dithiothreitol and urea
indicated the presence of two species of protein. The amino acid composition of these two proteins and
of the thirteen major peaks are consistent with the hypothesis that these two proteins represent the
proteins of molecular weight 2.8 x 104 daltons observed in the ultracentrifuge and that the stiochiometry
of the thirteen major peaks may be represented by the formula (A (12-n) Bn), n = 0, 1,..., 12, where A and B
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ABSTRACT
The inducible, NAD-linked glycerol dehydrogenase
(E.C. 1.1.1.6) of a guanine requiring mutant of A. aerogenes
has been purified to homogeneity.

The molecular weight of

the pure enzyme was found to be 3.4 x 10^ daltons.

The

sedimentation coefficient of the enzyme was 10.7 x 10-13
sec.-1.

The diffusion constant was 3.07 x 10-1 cm2/sec.

The partial specific volume calculated from the amino acid
composition was 0.72 ml/g.

The following kinetic parameters

were determined; Km glycerol, 2.4 x 10”3

m

, Km NAD, 2.8 x

10-^ M, Km dihydroxyacetone, 5.1 x 10-^ M, Km NADH, 2.3 x
10-5 M.
During the course of the purification of the enzyme
it was found that multiple peaks of enzyme activity were
eluted from ion-exchange chromatography experiments.

Ultra

centrifugation experiments with the enzyme treated with
urea and dithiothreitol, and with dithiothreitol and phydroxymercuribenzoate in the presence of guanidinium
chloride indicated that the isolated enzyme is composed of
subunits.

The untreated enzyme, with a molecular weight of

3.4 x 105 daltons, is a hexamer of a species of molecular
weight 5.6 x 10^ daltons.

This species in turn is a dimer
iv

V

of a species of molecular weight 2.8 x 10^ daltons.

Di

sulfide bonds between the smallest species are responsible
for the stability of the dimer, while the untreated hexamer
of the dimers is stabilized by ionic and hydrophobic forces
Thirteen major peaks and one minor peak of enzyme
activity were consistently eluted during ion-exchange
experiments with the native enzyme.

Polyacrylamide gel

electrophoresis of the enzyme treated with dithiothreitol
and urea indicated the presence of two species of protein.
The amino acid composition of these two proteins and of
the thirteen major peaks are consistent with the hypothesis
that these two proteins represent the proteins of molecular
weight 2.8 x 10^ daltons observed in the ultracentrifuge
and that the stiochiometry of the thirteen major peaks may
be represented by the formula

^B^), n = 0, 1,..., 12

where A and B represent the two proteins separated by poly
acrylamide gel electrophoresis.
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CHAPTER I
REVIEW OF THE LITERATURE
Quaternary Structure of Proteins
Early work.

The work of Fisher (1907) and Bergmann

(1932) established that the primary covalent link in proteins
was the peptide bond and that proteins were for the most
part linear polymers of the amino acids.

The similarity

of behavior of protein solutions and colloidal suspensions,
e.g., slow diffusion, membrane impermeability and sensi
tivity to salt, led early workers to believe that proteins,
like the well-studied gold hydrosols, were clusters of
small molecules of undefined mass.

The work of Svedberg

(1926) with the ultracentrifuge and of Sumner (1926) on
the crystallization of enzymes made it clear that proteins
are well defined entities of unique molecular weight.
Svedberg (1938) after studying the molecular weights of a
large number of respiratory proteins concluded that these
molecular weights could be expressed as integral multiples
of a unit of mass of 1.7 x 10^ daltons.

The fact that the

annelid respiratory proteins studied were of high molecular
weight coupled with the fact that only a few small proteins
(lactalbumin, hemoglobin and cytochrome c) were studied
would make almost any divisor appear in integral multiples.
1

2
This is especially true since there was considerable error
in these early studies.

Nevertheless, the basic concept

that large proteins were assemblies of proteins of smaller
size appearing in integral multiples was established.
Renewed emphasis on the characterization of the sub
unit structure of proteins has developed since the obser
vation of two related phenomena.

The first concerns the

appearance of multiple molecular forms of a single enzyme
activity (isozymes); the second is related to the obser
vations of Yates and Pardee (1956) and Umbarger (1956)
that the activity of certain biosynthetic enzymes is
modified i.e., either inhibited or activated, by compounds
unrelated structurally to the substrates of the enzymes,
but which are intermediates or end-products of the bio
synthetic path in which the enzyme participates.

In the

first case the most common basis for the appearance of
isozymes was found to be due to the association in different
stoichiometries of two or more subunits of the enzyme to
yield a set of electrophoretically or otherwise distinct
forms of the enzyme.

Lactic acid dehydrogenase (LDH) was

the first and most thoroughly documented example of this
type (Apella and Markert, 1961; Markert, 1963).

In the

second case the theoretical (Monod, et_ al., 1965; Gerhart
and Pardee, 1962) and experimental (Gerhart and Schachman,
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1965) development of the basis for this type of behavior led
to the postulate that the fact that such proteins were
composed of subunits was intimately related to the observed
behavior of these enzymes.
Since the initial reports of enzyme systems of the
two types, an extensive literature describing new enzymes of
either kind and attempting to assign metabolic significance
to them has developed.

Reviews of the literature on both

these topics are available (Stadtman, 1966; Vessel, 1968).
This discussion will limit itself to a description of an
enzyme of each kind in order to illustrate the features of
the respective types.
Lactic acid dehydrogenase.

Meister (1950) and

Nielands (1952) demonstrated that an apparently pure prepa
ration of beef heart LDH was in fact composed of two
catalytically active components.

Wieland Pfleiderer (1957)

and Markert and Moller (1959) showed that there were as many
as five forms of LDH in most animal tissues and that the
relative amount of each form varied in different tissues
from the same animal.

Kaplan and Ciotti (1961), indicated

that these five forms originated from only two main forms
of the enzyme.

One form is designated M since it occurs

largely in skeletal muscle while the second form, type H,

is usually found in heart muscle.

Each major form was found

to have a molecular weight of 1.4-1.5 x 10^ daltons and was
dissociable into four proteins each of molecular weight
3.5 x 102* daltons (Apella and Markert, 1961).

When mixtures

of the two forms of the enzyme were subjected to dissociating
conditions and then allowed to recombine, five forms of LDH
activity were observed after electrophoresis or ion-exchange
chromatography (Markert, 1963).

These hybrids were shown

(DiSabato and Kaplan, 1964) to be composed of subunits of
the two main forms in the stoichiometry MnH^_n , n = 0, 1...
4, thus accounting for the natural occurrence of five forms
of activity.
The evidence relating the physiological significance
of the isozymes to the sensitivity of each form to pyruvate
inhibition has been reviewed by Kaplan (Kaplan et al.,
1968).

The H-type enzyme is strongly inhibited by pyruvate

at low concentrations.

It was postulated that this form

should be present in aerobically functioning tissues, e.g.,
brain and heart, because there is not much pyruvate accu
mulation under aerobic conditions.

The M-type enzyme is

much less sensitive to pyruvate inhibition.

Thus the

presence of this form in anaerobically functioning tissue
such as skeletal muscle would allow reoxidation of the NADH
necessary for energy metabolism under anaerobic conditions.

5
The greater levels of accumulated pyruvate in rapidly
exercising muscle would inhibit the H-form of the enzyme
if it were present, preventing the further oxidation of
lactate to pyruvate and thus depressing the level of NADH.
On the basis of this hypothesis a predominance of
H-type LDH should be found in those tissues which function
aerobically while the opposite should be true for the In
form of the enzyme.

This has been found to be the case.

Wilson et_ aJL. (1963) demonstrated that the M-type enzyme is
present in the breast muscles of chicken and pheasant which
require energy for short flight while birds which are capable
of long flight contain mostly H-LDH in their breast muscles.
Similar correlations have been found for enzymes from dif
ferent parts of kidney (Leonhardt and Landes, 1963) and in
chicken muscles functioning under varying degrees of oxygen
availability (Kaplan and Cahn, 1962).
Aspartic acid transcarbamylase (ATCase).

A common

type of metabolic control seems to involve the regulation
of the substrate affinity of an enzyme catalyzing the first
reaction after a metabolic branch point.

This regulation

aims to control the relative effectiveness with which enzymes
having a common intermediate at the branch point compete
with each other for the intermediate.

In addition such

regulation serves to conserve a substrate when adequate

6
amounts of the end product are present.
Yates and Pardee (1956) observed the inhibition of
ATCase from E. coli by derivatives of cytosine.

This enzyme

\

catalyzes the condensation of carbamyl phosphate with
aspartic acid to yield carbamyl aspartate, the latter being
the initial step in the synthesis of the pyrimidines.

Sub

sequently Gerhart and Pardee (1962) reported that various
treatments, e.g., heating, destroyed the sensitivity of
ATCase to cytosine while at the same time leaving the
catalytic activity of the enzyme unaffected.

On the basis

of these observations Gerhart and Pardee (1962) and Monod
and Jacob (1961) proposed the existence of two separate but
interacting sites for substrate and inhibitor.

Later it was

found that ATCase could be dissociated into two types of
subunits.

Only one subunit bound cytosine derivatives while

the other contained the catalytic activity (Gerhart and
Schachman, 1965).

In addition it was found that treatment

which destroyed cytosine sensitivity also altered the typical
sigmoid shape of plots of initial steady state rate versus
initial substrate concentration into the usual rectangular
hyperbola commonly observed in classical enzyme kinetics.
Initial estimates of the molecular weight of the two types
of subunits were in error because conditions used to disso
ciate the native enzyme were inadequate.

Weber (1968)
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finally reported that the catalytic portion of the ATCase
protein had a molecular weight of 1.7 x 10^ daltons and that
the molecular weight of the regulatory protein was 3.3 x 10^
daltons.

The undissociated enzyme has a molecular weight of

3.1 x lO^ daltons and is composed of six of each type of
subunit.

Kinetic models to account for the observed sigmoid

shape of plots of initial rate versus initial substrate
concentration have usually required the existence of separate
regulatory and catalytic sites (Monod et al., 1965) although
the necessity of such a distinction has been challenged
(Walter and Frieden, 1963).

Nevertheless, it appears that

those enzymes which seem to function as control enzymes do
have separate binding sites for substrate and effector
molecules.

It is also generally true that these same enzymes

have been found to be composed of subunits.
Subunit structure and function.

There does not appear

to be any a priori reason why enzymes of both kinds are found
to be composed of subunits.

In the case of isozymic proteins

it may be that an organism can achieve a wider variety of
enzymes each with similar activity but with slightly different
properties (e.g., sensitivity to substrate inhibition) by
mutations in polymeric enzymes rather than by mutations in an
enzyme consisting of a single polypeptide.

Thus by mutation

8
of the subunit peptide of an original LDH the organism
generated five different isozymes rather than merely two.
In any case the most significant genetic reason for the
existence of isozymes appears to be the combination in
various stoichiometries of two or more subunits.
A common feature emerging from the study of control
enzymes is that the quaternary structure as well as the
kinetic parameters of the enzyme are altered by binding of
the specific effector molecule.

One of the earliest reports

of this phenomenon was the observation by Haurowitz (1938)
that crystals of oxyhemoglobin break up when they are
deoxygenated, showing that the two crystal forms are not
isomorphous.

The conformational differences between the

two types of hemoglobin have also been observed from nuclear
magnetic resonance studies (Lumry et_ al. , 1961), from X-ray
studies (Muirhead and Perutz, 1963) and from the rates of re
action of the two hemoglobins with various ligands (Antonin!
et al., 1963).

Other control enzymes display similar changes.

Thus deoxycytidylate deaminase was shown to undergo aggre
gation in the presence of deoxycytidine-5’-triphosphate.
The aggregation reaction paralleled the increase in the
affinity of the enzyme for the substrate (Maley and Maley,
196*0.

Similarly, acetylcoenzyme-A carboxylase is activated

by citrate with a concomitant increase in the molecular

9
weight (Vagelos et_ al., 1963).

Frieden (1959) found that

the presence of both reduced and oxidized di- and tri-phosphopyridine nucleotides caused an association of glutamate
dehydrogenase.

The presence of these compounds also resulted

in increasing rates of reaction.

Mitochondrial isocitric

acid dehydrogenase, inactive in the aggregated form, is
activated by citrate, isocitrate, Mg2+, and Mn2+.

These

compounds also cause a decrease in the molecular weight of
the enzyme (LeJon et_ al., 1969).

The fructose 1,6-diphos-

phatase of E. coli is reversibly dissociated in acid pH to
a form whose molecular weight is one-half that of the native
enzyme.

The smaller molecule has diminished catalytic

activity and is substantially less sensitive to AMP inhibi
tion.

The presence of fructose 1,6-diphosphate tends to

maintain the native state whereas high concentrations of AMP
permit dissociation into the less active form (Rosen et al.,
1966).

The homoserine dehydrogenase of Rhodospirillum rubrum

is inhibited by threonine, which also causes aggregation of
the enzyme into a catalytically inactive form.

Homoserine,

isoleucine and methionine are activators of the enzyme and
can reverse this aggregation (Datta et_ -al., 1964).

A

correlation exists between the catalytic activity and physical
state of formyltetrahydrolfolate synthetase.

The inactivity

of the enzyme in the absence of certain cations is due to the

10
fact that the enzyme Is dissociated in their absence into
catalytically inactive subunits (Scott and Rabinowitz,
1967).

The threonine-sensitive aspartokinase of E. coll

appears to undergo a decrease in molecular weight in the
presence of this compound (Wampler and Westhead, 1968).
Although these examples illustrate the structural
changes which occur in control enzymes upon binding of
specific effector molecules, it is not certain that the
physical association-dissociation relationships are the
only means by which these molecules regulate enzyme activity.
Thus extensive alteration in the state of aggregation of
many enzymes of this type are not always associated with
the action of regulator metabolites.

The dissociation of

glutamate dehydrogenase into subunits which occurs upon
dilution is not accompanied by a loss of enzyme activity
(Fisher et_ al., 1962).

However, the absence of observed

changes in the state of aggregation of some of these
regulatory enzymes may be due "to differences in the
strength of subunit interactions which may govern the
activity of the catalytic site and which incidentally may
or may not allow association and dissociation to occur."
(Stadtman, 1966).
The distinction between isozymic enzymes and regu
latory enzymes made here may be more logical than real.
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Thus E. coli elaborates three different aspartoklnases.

One,

the synthesis of which is repressed by lysine, is also
strongly inhibited by lysine.

A second is inhibited by

threonine, while a third, present in small amounts, is
inhibited by homoserine.

In turn each aspartokinase is

unaffected by compounds which inhibit the other two.

These

enzymes are clearly control enzymes catalyzing the formation
of a product required in the synthesis of each of the amino
acids mentioned above, and these enzymes also represent
multiple molecular forms of the same enzyme activity
although they do not seem to be related to each other in the
way the isozymes of LDH are related (Stadtman et_ al., 1961).
These results indicate that although no necessary
relation may exist between the functional role of these
enzymes and the fact that they are also composed of sub
units, the characterization of the subunit stoichiometry is
an essential requirement in the accurate description of new
enzymes.

This information is even more essential in the

case of enzymes which catalyze a reaction at metabolic
branch points or which control the energy state of the
organism.
Glycerol Dehydrogenase
Occurrence.

The oxidation of glycerol to dihydroxy-

acetone (DHA) by micro-organisms is well known (Bertrand,
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1896) and is the basis for the commercial preparation of
DHA (Underkofler and Fulmer, 1937).
Enzymes which oxidize glycerol to DHA or glyceraldehyde have been found in a wide variety of organisms.
NAD-dependent glycerol dehydrogenases have been found in
E. coli (Asnis and Brodie, 1953), Bacillus subtilis
(Wiame et_ al_., 1954a, 1954b), Pseudomonas salinaria and
Vibrio costicolos (Baxter and Gibbons, 1955), Acetobacter
suboxydans (Hauge et al., 1955), Aerobacter aerogenes
(Burton and Kaplan, 1953), Streptococcus faecalis (Jacobs
and Vandemark, i960), and Mycobacterium smegmantis (Widner
et al., 1961).

Both NAD- as well as NADP-dependent glycerol

dehydrogenases have been found in rat liver (Leuthardt and
Wolfe, 1954; Moore, 1959).

In this case the oxidation prod

uct was found to be dl-glyceraldehyde.

A strictly NADP-

dependent enzyme was found in rat skeletal muscle (Toews,
1966), the oxidation product being dl-glyceraldehyde.
Glycerol dehydrogenases which are NADP dependent have
been found in Candida albicans (Rao et al., I960), Asper
gillus niger (Baliga et_ al., 1962), in the conidia of
Aspergillus oryzae (Horikoshi and Ikeda, 1965), and in
Penicillium chrysogenum (Chiang and Knight, 1959).
Metabolic role.

The principal metabolic role of

this enzyme in organisms in which it has been studied is to

provide an alternate pathway of glycerol metabolism which
does not require phosphorylation of glycerol prior to its
metabolism.

Thus in strain

of B. subtilis, glycerol is

initially oxidized to DHA by an NAD-linked glycerol dehydro
genase.

Subsequent metabolism of DHA requires phosphory

lation to dihydroxyacetone phosphate in a specific kinase
reaction (Wiame et_ al., 1954a).

The oxidation of glycerol

in cell-free extracts of Acetobacter suboxydans (Hauge et_
al., 1955) has been found to proceed by two pathways.

One

is independent of ATP and NAD and proceeds at pH 6 to the
formation of DHA; the second, with a pH optimum of 8.5,
requires ATP and Mg2+ in a kinase reaction to yield aglycerolphosphate.

The absence of an NAD requirement in the

first case suggested that the glycerol dehydrogenase may be
coupled directly to a bacterial cytochrome as the immediate
hydrogen acceptor.

Cell-free extracts of S. faecalis

(Jacobs and Vandemark, i960) grown on glucose display two
different glycerol oxidizing systems, depending on whether
the original cells were grown aerobically or anaerobically.
In the case of extracts of cells grown aerobically, glycerol
is first phosphorylated by a glycerol kinase and subse
quently oxidized by a flavine adenine dinucleotide-linked
a-glycerolphosphate oxidase.

Anaerobically grown cells

are deficient in these two enzymes, and glycerol is first
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oxidized by an NAD-dependent glycerol dehydrogenase which
is coupled with a flavine-linked NADH oxidizing system.
Magasanik (Magasanik et_ al., 1953) has described
two strains of A. aerogenes.

Glycerol is metabolized in the

usual fashion in the first strain (104l); in the second
(1033), glycerol induces a glycerol dehydrogenase in cells
grown either aerobically or anaerobically.

The presence of

DHA in the aerobic and anaerobic metabolism of glycerol was
demonstrated in the second case.
Glycerol dehydrogenase from a guanine-requiring
mutant of A. aerogenes.

Lin (Lin and Magasanik, I960; Lin

et_ al., i960) described the isolation, partial purification
and some properties of an inducible NAD-linked glycerol
dehydrogenase from a guanine-requiring mutant of strain
1033 of A. aerogenes (AGDH) (Ushiba and Magasanik, 1952).
Unlike the parent strain, AGDH is induced in the mutant only
when the bacteria are grown anaerobically or under low
oxygen tension.

When cells are grown under 95 per cent

oxygen, glycerol induces a glycerol kinase and an a-glycerol
phosphate dehydrogenase which is not NAD-dependent.
Of greater interest from the viewpoint of metabolic
control, however, is the fate of AGDH in bacteria exposed to
high oxygen tension after initial growth on glycerol under
low oxygen tension.

The rate of inactivation of AGDH is
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greater than can be accounted for by simple dilution of
existing enzyme protein during the course of growth on
glycerol and under high oxygen tension.

Both an energy

source (i.e., glycerol or glucose) and oxygen are required
for inactivation to take place.

Thus when cells grown under

low oxygen tension are transferred to a medium with no
carbon source but under high oxygen tension or to a medium
with a carbon source but kept under nitrogen, inactivation
of AGDH does not occur.

In addition, both 2,^-dinitrophenol

and arsenite inhibit inactivation in cells grown in the
presence of both a carbon source and oxygen.
On the other hand, protein synthesis is not required
for inactivation of AGDH since the addition of chlor
amphenicol to a culture with an energy source and high
oxygen tension does not prevent inactivation.

Furthermore,

growth of the transferred bacteria is not necessary for
inactivation since enzyme activity is lost even when a
nitrogen source (ammonium sulfate) or guanine is absent from
an otherwise complete growth medium.

Finally, evidence was

obtained which indicated that inactivation did not occur by
breakdown of enzyme protein into its constituent amino acids.
While experiments on an impure preparation of the
enzyme did not indicate a mechanism for inactivation, the
results did show that AGDH was activated by monovalent

cations and especially by NH^ + (Lin and Magasanik, i960).
Work by Strickland and Miller (1968) demonstrated that
AGDH from an impure preparation was inhibited by high
concentrations of Li+ and Na+ as well as by DHA at a
substrate concentration above 0.4 millimolar.

CHAPTER II
STATEMENT OP THE PROBLEM
It is to the benefit of an organism to be able to
eliminate unnecessary or redundant metabolic pathways as
conditions of growth are changed.

The data of Lin (Lin

et al.a i960) suggest that the inactivation of AGDH is
the point at which this control is exercised in the case
of A. aerogenes.

Further, the data imply that the

inactivation of the enzyme is related to the presence of
metabolites normally absent during growth under anaerobic
conditions but present during metabolism under high oxygen
tension.
In view of the interesting role of this enzyme it
was felt that further characterization would be useful.
This dissertation therefore describes the results of the
purification to homogeneity of the hitherto only partially
purified glycerol dehydrogenase from this bacterium and
describes some of the properties of the pure enzyme.

In

addition, the role of this enzyme as a possible metabolic
control point coupled with the emerging significance of the
quaternary structure of such enzymes prompted an investi
gation into the subunit structure of the enzyme.
results of that investigation are also described.
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CHAPTER III
EXPERIMENTAL SECTION
Source of Materials
Phenazine sulfate, nitro blue tetrazolium, NAD, NADH,
dithiothreitol (DTT), p-hydroxymercuribenzoate (PMB), iodoacetic acid, protamine sulfate, and guanine were obtained
from the Sigma Chemical Co.; acrylamide, N,N’-methylenebisacrylamide and N,N,N*,N ’-tetramethylenediamine (TMED) from
the Eastman Kodak Co.; dihydroxyacetone from Mann Research
Laboratories and glycerol from the Matheson, Coleman and
Bell Company.

Urea was purchased from the Fisher Chemical

Co., and all urea solutions were passed through a Dowex
AG-501-X8(D) (Do w Chemical Co.) mixed-bed, ion-exchange
resin before use.

Guanidinium chloride (GDC) was a gift

of Dr. E. P. K. Hade, prepared from the carbonate by the
method of Nozaki and Tanford (1967).

Tris (2-amino-2-

(hydroxymethyl)-l,3-propanediol) was the Trizma Base grade
of the Sigma Chemical Co.

This material was found to have

an ultraviolet absorbing impurity which was concentrated
along with the enzyme during the concentration step of the
enzyme purification procedure.

Therefore, solutions of

0.1 M Tris-HCl, routinely used in the column chromatography
of the enzyme, were first passed through a Sephadex DEAE
A-50 (Pharmacia, Inc.) ion-exchange column before use.
18
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Water was prepared by passing distilled water through a
Barnstead Standard Demineralizing column and then redistill
ing in a glass still before use.

All other chemicals were

reagent grade.
Aerobacter aerogenes3 strain 10339 mutant P-l4
(guanine-requiring) described by Ushiba and Magasanik (1952)
was a gift of Dr. Magasanik and was maintained by monthly
transfers on Yeast-Dextrose Agar (Difco Laboratories).
Methods
Growth of the bacteria.

The growth medium was com

posed of the following constituents:
k h 2p o 4

12.6 g/liter

K2HP0i|

4.5 g/liter

(NHi|)2SOi4

2.0

MgS0i|-7H20

0.2 g/liter

CaCl^

0.01 g/liter

g/liter

guanine

40.0 mg/liter

glycerol

10.0 g/liter

A solution containing all of the components except
glycerol was prepared and adjusted to pH 6.8 with 1.0 N
NaOH, and autoclaved for 2 hours at 15 pounds per square
inch (p.s.i.) and 115° (centigrade).

A separate solution

of 10 per cent glycerol was autoclaved for 15 minutes at
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p.s.i. and 115° and the correct amount of this solution was
added aseptically to the sterile salt plus guanine solution
to give the desired concentration of glycerol.
In the laboratory, the volume of growth medium used
was 32 liters (1.).

The growth temperature was maintained

at 37° by placing two 16-1. carboys in a thermostated box.
The medium was inoculated with a 100 ml solution of the
bacteria which had been grown overnight.

Growth was allowed

to proceed for 18 hours, beyond which time there was no
increase in the optical density of the bacteria suspension
measured at 360 nanometers (nm).

The growth medium was

agitated during the growth period by gently bubbling
filtered air through a gas tube immersed in the medium.
The bacteria were harvested by centrifuging the
suspension in a continuous-flow Sharpies Centrifuge
operating at maximum speed.

The flow rate through the

centrifuge was 500 ml per minute and at this flow rate
there was no significant rise in the temperature of the
out-flowing solution.

The yield of bacteria from this

volume of growth medium was about 200 g wet weight.
Isolation and purification of glycerol dehydrogenase
(AGDH).

The following procedures were carried out at 0-4°

in a cold room or ice bath except where indicated.

Volumes

of the various buffers used are based on the yield of
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bacteria from 32 1. of growth medium.
The bacteria paste was suspended In 400 ml of cold,
distilled water and centrifuged at 10,000 x gravity (g) for
ten minutes, then resuspended in 320 ml of 0.01 M sodium
phosphate buffer pH 7.^.

The suspension was then sonically

disrupted with a Brownwill Sonifier operated at maximum
power in three 100-ml portions in a stainless steel beaker
immersed in an ice bath.

Each portion was treated for two

minutes with alternate cooling for two minutes for a total
sonicating time of six minutes.

The cellular debris was

removed by centrifuging the sonically treated preparation
at 10,000 x

for 15 minutes.

The supernatant was adjusted

to pH 7.0, and 0.23 mg of protamine sulfate (Sigma Chemical
Co., Grade II) per mg of protein in the crude extract was
added as a one per cent aqueous solution (also adjusted to
pH 7.0) to the crude extract with continuous stirring.
This suspension was then centrifuged at 10,000 x £ for 15
minutes and the supernatant decanted and assayed.

The

solution was made 50 per cent saturated with (NH^^SO^ by
adding a sufficient quantity of the solid reagent, and the
precipitate which formed was collected by centrifuging the
suspension at 10,000 x g for 15 minutes.

In this case the

supernatant was discarded and the precipitate which con
tained the enzyme activity was dissolved in 80 ml of cold

22
water and assayed for protein and enzyme activity.

The

solution of dissolved precipitate was adjusted to pH 7.0
with 1.0 N NaOH, immersed in a boiling water bath until
the temperature of the solution was 60°, and then main
tained at that temperature for four minutes in a thermostated water bath.

The coagulated protein was removed by

centrifuging the suspension for 15 minutes at 10,000 x g
and then the supernatant was decanted and assayed.

At

this point the preparation was lyophilized and stored in
the freezer until needed.
For gel filtration chromatography, 200 mg of the
lyophilized preparation was dissolved in 10 ml of a
solution of 0.1 M Tris-HCl, pH 7.6, and applied to a 5cm by 100-cm column filled with Agarose A-0.5 M (Bio-Rad
Co.) previously equilibrated with this same buffer.

The

protein was eluted with the starting buffer at a flow
rate of 20 ml per hour and collected in 15-ml 'fractions.
A typical elution pattern is shown in Figure 1.
Ion exchange chromatography of the peak fractions
from the gel filtration procedure was performed using
either Sephadex DEAE A-50 or DEAE A-25.

In both cases

the experimental conditions were the same.

The ion-

exchange material was equilibrated with a solution of 0.1
M Tris*HCl, pH 8.2, and a 2.5-cm by 45-cm column was filled

ABSORBANCE

( 2 8 0 m ,u )(

[U N ITS OF ACTIVITY]/FRACTION x 10

ro
■

Figure 1. Gel filtration chromatography of
glycerol dehydrogenase.
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with the resin.

The peak fractions from the gel-filtration

chromatography experiment were pooled and applied to the
ion-exchange column.

The protein was eluted with a linear

gradient of KC1 concentration formed from a reservoir
containing 2 1. of a solution of 0.1 M Tris*HCl, pH 8.2,
and 0.5 M KC1, and a mixing chamber which contained 2 1.
of a solution of 0.1 M Tris*HCl, pH 8.2.

The flow rate was

10 ml per hour for the experiments with the A-50 material
and 60 ml per hour for the A-25 material.

The results of

a typical experiment with the A-25 material are shown in
Figure 2 when 15 ml fractions were collected.

Figure 3

illustrates the elution pattern obtained when the A-50
material was used.
collected.

In this case, 20-ml fractions were

The significance of these results with respect

to the structure of the protein will be discussed later
(Chapter VI, page 125).
In both cases, the protein was concentrated by
pooling the peak fractions, diluting with an equal volume of
water and applying the solution to a 1-cm by 5-cm column
filled with DEAE A-25 equilibrated as before.

The enzyme

was eluted from the column with a solution of 0.1 M Tris*
HC1, pH 8.2, and 0.5 M KC1.

Most of the activity was

recovered in a volume of 5 to 8 ml.

The concentrated

enzyme was dialyzed against a saturated solution of (NHij^

2
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FRACTION NUMBER (15 ml/FRACTION)

Figure 2. Ion-exchange chromatography of glycerol
dehydrogenase on Sephadex DEAE A-25.
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4
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6
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Figure 3. Ion-exchange chromatography of glycerol
dehydrogenase on Sephadex DEAE A-50.
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SOjj and the precipitated enzyme collected by centrifugation
at 5*000 x £ for five minutes and stored as a precipitate
in saturated (NHjj^SOjj at 0°-4°.

Stored in this manner,

the preparation loses about ten per cent of the initial
total activity per month.

The results of a typical labo

ratory scale preparation (32 1. growth medium) are summarized
in Table I.
Determination of protein.

The Lowry (Lowry et_ al. ,

1951) modification of the Folin-Ciocalteau method was used
to assay protein concentration during the purification of
AGDH.

This method has the advantages that it is rapid and

that assays may be performed in the presence of nitrogenous
buffers.

The method is not suitable for the determination

of absolute amounts of protein, however, because it is
specific for the aromatic amino acid residues which vary
among proteins.

In addition, the reactivity of these

residues may not be constant due to differences in their
environment in the protein.

For these reasons a modifi

cation of the nitrogen procedure of Ballentine (1963) was
employed when it was necessary to determine absolute amounts
of protein.
Lowry method.
for this method:

The following solutions were required

solution A, 2.7 g CuS0j| •8H2O/IOO ml H2O;

TABLE I
PURIFICATION OF GLYCEROL DEHYDROGENASE

Step

Volume
(ml)

Total
Protein
(mg)

Total
Activity
(units.)

Specific
Activity
(units/mg)

Crude extract3-

320

6,145

8.5 x 105

1.4 x 102

Protamine sulfate supn.

330

4,750

8.3 x 105

1.8 x 102

Ammonium sulfate ppt.

80

1,340

9.3 x 105

6.9 x 102

Heat supernatant

76

400

6.9 x 105

1.7 x 103

Gel filtration13

100

41

1.7 x 105

4.0 x 103

Ion-exchange A-50c

5

13

0.44 x 104

3.2 x 102

Ion-exchange A-25c

6

15

0.42 x 105

2.8 x 103d

cl

^Based on 32 1. growth medium.
Based on 200 mg lyophilized extract.
^After concentration and precipitation.
For pooled material or any of the 13 peaks indicated on page 8l.
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solution B, 1.0 g Na-K tartrate/100 ml H^O; solution C,
2.0 g Na2C03/100 ml H20.

One milliliter each of solutions

A and B was added to 100 ml of solution C, and 5.0 ml of
this solution was added to 1.0 ml of a solution of protein
to be assayed.

The mixture was allowed to incubate for

fifteen minutes, then 0.5 ml of Folin-Ciocalteau reagent
(Sargent Chemical Co., Inc.) was added with rapid mixing,
and the solution was allowed to incubate at room temper
ature for thirty minutes.

The optical density of the

solution was read at 660 nm against a blank prepared as
above except that 1.0 ml of water was substituted for the
protein solution.

A one per cent solution of three-times

crystallized bovine serum albumin was used as the protein
standard.
Nitrogen.

The solution containing the protein to be

analyzed was exhaustively dialyzed against water to remove
any nitrogenous buffers, and a volume of this solution
corresponding to approximately two micrograms of protein
nitrogen was pipetted into a test tube.

The solution was

then made slightly basic with NaOH and evaporated to dryness
in an oven at 100°.

The residue was taken up in 0.3 ml of

concentrated H2S0^ and 0.1 ml of water, and the test tubes
were placed in a heating block at 375° for six hours.
Finally the digestion mixture was taken up. in 7 ml of
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0.144 N H2S0i|.

One volume of stock Nessler’s reagent (Fisher
Scientific Company, Stock Number So-N-24) was diluted with
two volumes of water.

The color reagent was then prepared

by mixing, in the ice bath, 10 ml of diluted Nessler’s
reagent, 2.5 ml of a 0.05 per cent (w/v) solution of
methyl cellulose and 10 ml of 10 N NaOH.

The color

reagent was then filtered through glass wool.

Finally

3.0 ml of color reagent was added to the acid digest
solution and the optical density read at 425 nm in a one-cm
Pyrex cuvette.

Blanks were prepared as above except no

protein was used, and standard protein solutions were
prepared from three-times crystallized bovine serum albumin.
Determination of enzyme activity.

The activity of

glycerol dehydrogenase was measured by following the
reduction of NAD at 340 nm in a Bausch and Lomb Model 600
spectrophotometer equipped with a strip chart recorder.
The reaction was carried out in 1-cm light-path cuvettes.
The assay solution was of the following composition:

0.1 M

glycerol, 3.3 x 10”^ M NAD, and 0.033 M (NHjj^SOjj in 0.5 M
sodium carbonate buffer, pH 9.0.

The reaction was started

by adding 0.1 ml of the solution to be assayed to 2.9 ml
of the assay solution.

One unit of activity is defined as

that amount of enzyme which causes an initial rate of

reduction of NAD of 1.0 micromole per unit.
Polyacrylamide gel electrophoresis.

The general

procedure outlined by Ornstein (1964) and Davis (1964)
was employed with the modification that no sample gel
was used.

Instead, a solution of the protein in ten per

cent sucrose was layered over the resolving gel.

An

apparatus was constructed according to the method of Davis
(1964)-.
The following solutions were required in the prep
aration of the resolving gel.

The final volume of each

solution was 100 ml.
Solution A

30 g Acrylamide

Solution B

0.8 g N,N1-Methylenebisacrylamide

Solution C

2.08 g Tris, and 0.1 ml TMED
adjusted to pH 9.5 with glycine

Solution D

0.18 g Ammonium persulfate

For experiments in the absence of urea all solutions were
prepared in water.

Equal volumes of the four solutions

were mixed and degassed with the water aspirator.

Gels

for experiments in 2.5 M urea were prepared as described
above except that the ammonium persulfate (Solution D)
was dissolved in 10 M deionized urea.

Gels for experiment

in 6.0 M urea were prepared by dissolving the constituents
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of solutions A through D (above) in 40 ml of
diluting the solutions to 100 ml with 10 M urea.

and
Gels for

experiments at pH 4.0 were prepared using solutions A, B,
and D described above and preparing a solution of 0.192 ml
glacial acetic acid and 0.1 ml TMED in 100 ml H2O and
adjusting to pH 4.0 with glycine.

The acrylamide content

of the gels was varied by changing the concentration of
acrylamide in solution A.

The upper tray buffer for

experiments at alkaline pH consisted of a solution of
0.0425 M Tris-glycine, pH 8.9, while for experiments at
pH 4.0 the buffer used was a solution of 0.0425 M acetic
acid adjusted to pH 4.0 with glycine.

The lower tray

buffer for the runs at pH 9*5 was a 0.12 M solution of
Tris adjusted to pH 8.1 with 1.0 N HC1, and for experi
ments at pH 4.0, a solution of 0.12 M acetic acid adjusted
to pH 4.0 with glycine.

These same buffers were used for

experiments with gels containing urea.
The sample buffer used for experiments at pH 9.5 was
a 0.008 M solution of Tris adjusted to pH 8.9 with glycine
while the sample buffer used at pH 4.0 was a solution of
0.008 M acetic acid again adjusted to pH 4.0 with glycine.
In both cases the sample buffers contained 10 per cent
(w/v) sucrose.

The sample buffers for experiments in urea

were the same as described above except that they were
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prepared in urea of the desired concentration.
General procedure.

Glass columns 7.0 cm long and

0.5 cm inner diameter were cut from the same length of
glass tubing.

The columns were cleaned in chromic acid,

then rinsed in tap water, then in distilled water, then
soaked in a 0.5 per cent solution of Photo-Flo (Eastman
Kodak Co.) and allowed to drain dry before each experi
ment.

During the preparation of the gels the glass

columns were inserted in holders made from Vacutainer tops
(Becton-Dickson Co.) which were cemented to a block of
wood.

The gels were prepared in an inverted position, i.e.,

with the top end of the column in the column holder.

The

other end of the column, i.e., eventually the bottom, was
wrapped with Parafilm to form a column which extended 2 to
3 cm beyond the end of the glass.
A solution of 20 per cent (w/v) sucrose was pipetted
into the glass column to a height of 1 cm.

The gel solution

of the desired composition, prepared just prior to use, was
carefully layered on top of the sucrose solution and the
glass column filled beyond the end of the glass into the
column formed by the Parafilm.

The Parafilm column was then

pinched closed below the level of the gel solution with a
hemostat.

The properties of Parafilm are such that when
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the hemostat was released the end of the column was sealed
air-tight by the Parafilm.

These precautions were necessary

since the polymerization process is inhibited by molecular
oxygen and if the ends of the column were not completely
sealed, gels of non-uniform properties resulted.

Gel

formation was usually complete in forty-five minutes to an
hour.
The glass columns were then removed from the holder
and that portion of the gel which extended into the Parafilm
column was removed by cutting the Parafilm and gel inside
with a razor blade.

This resulted in the end of the gel

being flush with the glass column.
The gels were pre-run in order to remove unreacted
acrylamide as well as any other artifacts from the poly
merization process.

The pre-run buffer consisted of the

Solution C characteristic of the particular system of pH
and urea which was used to prepare the gel with the
modification that the TMED was- not added and the solution
was diluted 1:4 with water for experiments without urea,
1:4 with 3.3 M urea for experiments in 2.5 urea and 1:4
with 6.0 M urea for experiments in 6.0 M urea.

The gels

were inserted in the upper buffer tray and the tray was
filled with the proper pre-run solution.

The lower buffer

tray was also filled with the pre-run solution and the
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bottom of the gels Inserted Into the solution.

The tops

of the gels were rinsed with pre-run solution, the elec
trodes connected (anode at the top) and a current of 2
milliamperes per gel applied for two hours.
Samples of protein were prepared by dialyzing an
aliquot of the enzyme suspension in saturated (NH^^SOij
against the sample buffer to be used.

The concentration

of protein used In these experiments was between 1 mg/ml
and 5 mg/ml.

When dithiothreitol was used it was added as

the solid reagent to the protein sample just prior to the
experiment.

Finally 0.05 ml of a tracking dye solution,

(0.1 per cent bromphenol blue for experiments at pH 9.4
and 0.1 per cent methyl green for runs at pH 4.0) was
added to each 0.1 ml of protein solution.
The pre-run solution was removed from the buffer
trays and the trays filled with the upper and lower buffers
required for the particular set of experimental conditions.
The tops of the gels were rinsed with the upper tray buffer,
and 0.1 ml of the protein solution carefully layered on top
of the resolving gel.

The electrodes were attached to obtain

the proper polarity (anode at the top for experiments at
pH 4.0, and at the bottom at pH 9.5) 9 and a current of 0.5
milliamperes per gel applied until the tracking dye pene
trated into the gel, then 2 milliamperes per gel for the

remainder of the experiment.

When the tracking dye was

about 1 cm from the bottom of the gel column the current
was turned off and the glass columns removed from the
apparatus.

The gel columns were extracted from the glass

columns by injecting cold water between the glass tubing
and the gel with a syringe and hypodermic needle, starting
from the bottom.
The gels were stained for protein by first fixing
the gels in a solution of 10 per cent sulfosalicylic acid
for 10 hours, then in a one per cent solution of coomassi
brilliant blue (Colabs, Inc.) in 7 per cent acetic acid
for 18 hours, then washing out the excess stain in a 7 per
cent solution of acetic acid.

Enzyme activity was located

on the gels by incubating them in a solution made by
dissolving 50 mg NAD, 20 mg nitro blue tetrazolium, 0.6
mg phenazine sulfate and 4.5 g glycerol in 50 ml of a
solution of 0.5 M sodium carbonate buffer, pH 9.0, and
0.033 M (NH1|)2S0i|.

Staining was carried out in the dark

for fifteen minutes and the gels subsequently washed with
several changes of water.
In order to perform amino acid analyses on the
proteins which were stained on the gels, slices were cut
from identical unstained gels at locations indicated by a
gel which was stained.

The gel slices were crushed with

a glass stirring rod in a 1-cm by 5-cm test tube and the
protein extracted with several 1-ml aliquots of 1 N HC1.
The gel extract was centrifuged at 5,000 x g for ten
minutes to remove any gel particles and the supernatant
was dialyzed against several changes of distilled water.
Ultracentrifuge Experiments
General procedure.

A Beckman Model E analytical

ultracentrifuge equipped with schlieren optics was used
for all experiments.

The centrifuge cell used was a 12 mm

double sector cell with sapphire windows.

The solution

side of the cell was filled first with 0.02 ml FC-43
fluorocarbon (Spinco, Inc.), then with 0.1 ml of protein
solution for sedimentation equilibrium and synthetic boundary
experiments or with 0.3 ml of solution for sedimentation
velocity experiments.

The solvent side was filled with

0.01 ml of the fluorocarbon, then with 0.3 ml of solvent
for sedimentation velocity and synthetic boundary experi
ments or with 0.12 ml for sedimentation equilibrium experi
ments .
Sedimentation equilibrium experiments require that
sufficient time elapse for equilibrium between sedimentation
and diffusion to be established.

Therefore, for each

solvent system used for the first time, photographs were
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taken and evaluated 14 and 24 hours after speed had been
reached.

In each case there was no difference In the

molecular weights determined at the two times.

Experi

ments were allowed to proceed for at least 18 hours and
usually for 24 hours.

Speeds were chosen for the meniscus

depletion technique (Chapter IV, p. 64) so that the
displacement of the schlieren pattern was flat for at least
half the solution column height.

Photographs were evaluated

using a Nikon Shadowgraph microcomparator (Nlppon-Kogaku,
Tokyo, Japan) at 0.5 cm intervals (on the plate) until the
displacement was at least 0.01 cm, then at 0.01 cm intervals
for the remainder of the column.

Displacements at the cell

bottom, and at the meniscus for low-speed experiments were
determined by graphical extrapolation of plots of displace
ment versus X-comparator co-ordinate.

The meaning of the

schlieren displacements and other details concerned with
the estimation of hydrodynamic properties from ultracentri
fuge experiments are developed in the next chapter.
Preparation of glycerol dehydrogenase for ultra
centrifugation .

The native1 enzyme was prepared by

dialyzing an aliquot of the enzyme precipitate in saturated

^The enzyme as isolated from the bacteria is defined
as the native enzyme during this discussion. This does not
imply that such is the state of the enzyme in the bacteria.
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ammonium sulfate against a solution of 0.2 M NaCl in 0.1 M
Tris«HCl, pH 7.6.

The concentration of the enzyme was

usually between 3 to 4 mg/ml.
was centrifuged at 10,000 x

The solution of native enzyme
for 10 minutes just prior to

ultracentrifugation to remove any precipitate.
For experiments in 2.5 M urea, a solution of the
native enzyme was dialyzed against a solution of 2.5 M urea
and 0.2 M NaCl and then diluted with the dialyzing solution
to give a final protein concentration of 1 mg/ml.
The enzyme was prepared for experiments in 6.0 M
guanidinium chloride (GDC) by dissolving an amount of solid
GDC equal to the weight of an aliquot of solution of the
native enzyme in 0.2 M NaCl and 0.1 M Tris«HCl, pH 7.6.
Typically a 0.5-ml aliquot of a solution of the native
enzyme was used.
Dithiothreitol (DTT) was introduced into the
solution of enzyme in 6.0 M GDC by diluting one volume of
a stock solution of DTT in 6.0 M GDC ten times the final
concentration (of DTT) desired with nine volumes of the
enzyme solution in 6.0 M GDC.
The S-carboxymethyl (CM) derivative of AGDH was
prepared by first dialyzing a solution of the native enzyme
in the Tris-saline buffer against a solution of 8 M urea
and 10“3

m

EDTA.

The enzyme concentration was 5 mg/ml.
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One milliliter of this solution was pipetted into a 1-cm by
5-cm test tube, and the pH adjusted to 8.0 with methylamine.
The test tube was sealed with a sleeve-type serum stopper
and alternately degassed by applying vacuum from a water
aspirator and flushed with nitrogen several times to remove
oxygen.

Then 0.1 ml of a 0.1 M solution of DTT in 8 M urea

was added with a syringe and hypodermic needle to the
reaction vessel and the mixture allowed to incubate for one
hour.
After reduction of the protein, 0.1 ml of a 1.0 M
solution of iodoacetic acid adjusted to pH 8.0 with methylamine was added to the reaction vessel with a syringe and
the reaction was allowed to proceed in the dark for one
hour.

The preparation was then exhaustively dialyzed

against water, and the carboxymethyl (CM) derivative of the
protein which was insoluble in water was recovered by
centrifuging the aqueous suspension of protein at 10,000 x £
for 15 minutes.

The precipitate was subsequently resus

pended in 0.5 ml of water and this suspension was made 6.0 M
in GDC by adding an equal weight of the solid reagent.

A

portion of the suspension of CM-protein in water was sub
jected to amino acid analysis.

The analysis showed that all

the cysteine had been converted to the S-carboxymethyl
derivative, and in addition no significant amounts of other
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carboxymethylated amino acids were detected.
Enzyme kinetic experiments.

The apparent Michaelis

constant (Km ) and maximal velocity (Vm ) were determined for
all four substrates of AGDH.

Measurements of initial rates

were carried out at 25° using a Bausch and Lomb Spectronic
600 double-beam spectrophotometer.

All substrate solutions

were prepared in a solution of a 0.5 M sodium carbonate
buffer, pH 9.0, and 0.033 M ammonium sulfate.
NAD, NADH and DHA were prepared fresh each day.

Solutions of
The con

centration of NAD solutions was checked by measuring the
optical denisty (O.D.) at a wavelength of 258 nm in a 1-cm
path-length quartz cuvette using the known extinction
coefficient of NAD of 18.3 x 10^ O.D./M.

The concentration

of the NADH solutions was also checked by measuring the O.D.
at a wavelength of 340 nm and using the known extinction of
6.22 x 103 O.D./M.

Solutions of DHA were observed to darken

during the course of preliminary experiments; therefore,
these solutions were kept in a brown reagent bottle.

Stock

solutions of glycerol in the carbonate buffer were stored
at 4° .
A stock solution of enzyme was prepared by dissolving
an aliquot of the enzyme suspension (in the saturated
ammonium sulfate solution) in a solution of 0.1 M Tris*HCl
pH 7.6 and 0.1 M KC1.

The stock solution was dialyzed
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against this buffer and stored at 4°.

The final protein

concentration was 0.63 mg/ml, and 0.025 ml was used for each
experiment.

This solution was assayed each day in the

standard assay solution and no loss of activity was observed
during the time required to perform these experiments
(seven days).

The concentration of NADH was followed at

340 nm and a tracing of NADH concentration versus time was
obtained with a Sargent Model SLR strip chart Recorder.
Initial steady-state rates (v(0)) were determined by
estimating the initial slopes of these tracings.

Experi

ments were performed in a 1-cm-path-length quartz cuvette.
The total volume of substrate solution plus buffer in each
experiment was 3.0 ml.

The reaction was initiated by

adding 0.025 ml of the stock enzyme solution which was
pipetted onto a mixing spoon.

The spoon served both to

add the enzyme and to stir the solution quickly.
Amino acid analysis.

Amino acid analyses were

carried out according to the general procedure of Moore
and Stein (1963) on a Beckman Model 190 Automatic Amino Acid
Analyzer.

Samples of protein for analysis were exhaustively

dialyzed against water.

Analyses of protein from the A-25

ion-exchange column chromatography experiments were per
formed by first concentrating the protein by lyophilization,

43

redissolving in 2 ml of water and then dialyzing against
water to remove buffer.

The aqueous solution of protein

was transferred to an ampoule, evaporated to dryness and
then redissolved in 2 ml of glass-distilled, constant
boiling HC1.

The solution was purged of dissolved oxygen

by alternate degassing with a vacuum formed with a water
aspirator and flushing with nitrogen.

The ampoule was then

sealed under vacuum and placed in a temperature-regulated
over at 105° for the appropriate time.

After hydrolysis,

the ampoule was opened and the solution evaporated to
dryness.

The hydrolyzate was then redissolved in 1.00 ml

of water and a 0.50 ml aliquot removed for nitrogen
analysis.

The remainder of the hydrolyzate was again

evaporated to dryness and redissolved in the citrate
buffer of the amino acid analyzer.
Titration of AGDH with PMB.

The general procedure

outlined by Benesch and Benesch (1962) was employed to
determine the number of titratable sulfhydryl groups both
before and after complete reduction of AGDH with dithiothreitol.
The method is based on the fact that the absorption
maximum of PMB shifts from 330 nm to 350-355 nm upon
formation of the mercaptide.

The extinction coefficient of

the mercaptide, however, depends upon the nature of com
pound to which the thiol group is attached.

Instead of a

single measurement with an excess of PMB, therefore, the
analysis was carried out in the form of a spectrophotometric
titration.
Procedure.
10~3

m

An aqueous solution of approximately

PMB was prepared and standardized against a known

concentration of DTT.

A Bausch and Lomb Model 600 double

beam spectrophotometer was employed and increments of the
PMB solution were added to the test solution and a corres
ponding blank and the change in O.D. recorded and corrected
for dilution by the PMB solution.

The end-point was deter

mined from a plot of O.D. versus volume of PMB added in a
manner illustrated in Figure 4.
It was not practical to titrate the-protein in dilute
salt solutions since the addition of the first increment
of PMB caused the formation of a precipitate which inter
f ered with the spectrophotometric determination of the
mercaptide.

Therefore, titrations were carried out in 6.0

M GDC since the protein-PMB complex was soluble in this
reagent.
The protein solution in 6.0 M GDC was prepared in
the same manner as that for experiments in the ultracentri
fuge and the concentration of protein was determined from

OPTICAL DENSITY (CORRECTED)
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Figure 4 . Standardization of p-hydroxymercuribenzoate.
The endpoint of the titration is indicated by the
intersection of the straight lines.
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a nitrogen analysis of an aliquot of enzyme solution prior
to the addition of GDC.

The titration was performed using

1.0 ml of a 0.10 per cent solution of protein.
The protein was pre-reduced by adding solid DTT to
a solution of the protein in 6.0 M GDC and 10”3 M EDTA to
give a final concentration of 0.05 M DTT.

The mixture

was allowed to incubate at room temperature for one hour
and then exhaustively dialyzed against water which had been
purged of dissolved oxygen by repeated degassing and flush
ing with nitrogen.

The reduced protein was insoluble in

water and the precipitate was recovered by centrifuging the
suspension at 5,000 x £ for ten minutes.

The precipitate

was resuspended in 0.5 ml of water and an equal weight of
solid GDC added to make the solution 6.0 M in that reagent.
Protein concentration was determined from the O.D. at 280 nm
and the extinction coefficient which was determined from
the preceding experiment.
Ultracentrifuge determinations of the molecular
weight were performed on the titrated protein solutions
immediately after the titration experiment was completed.

CHAPTER IV
THEORETICAL SECTION
Derivation of Fundamental Equations of the Ultracentrifuge
The theoretical basis on which molecular weights
and other hydrodynamic properties of particles (proteins)
dissolved in a viscous fluid (e.g., water) will be derived
in order to illustrate the assumptions and approximations
which were made in determining the molecular weights of
glycerol dehydrogenase treated with various reagents.
Since the aim of this section is to relate the theoretical
requirements for successful use of the ultracentrifuge to
the experimental limitations imposed when working with real
materials and thereby to evaluate the uncertainties in the
numbers determined, it is neither the most sophisticated
nor complete treatment available but rather is adequate
for its purpose.
It is assumed that the flow of matter is a linear
function of the forces which cause the flow.

The constant

which relates the force to the flow is known as a phenom
enological coefficient.

In the ultracentrifuge the forces

which cause the flow act along a single direction
47
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perpendicular to the axis of rotation of the rotor and
therefore the phenomenological equations may be expressed in
terms of a single direction, x.

These equations are of the

form
Ji = £Lik*k

U)

where Jj_ is the flow per unit area of a component i across
a plane perpendicular to x and the Xk are the forces which
act in the x direction.

The Lik are the coefficients which

relate force to flow, i.e., the flow of the i^h component
due to the k^h force.

These coefficients are independent

of the Xk when the Xk are small and are functions of the
thermodynamic variables temperature, pressure and com
position.

It is further assumed that the viscous liquid

is incompressible, that matter and energy are conserved,
that there are no chemical reactions between components,
that no temperature gradients exist within the centrifuge
cell, that the particle is non-ionic and there are no
solvent-solute interactions.
Forces in ultracentrifuge experiments can be
separated into two kinds:

forces which act in the positive

x-direction, i.e., centrifugal forces due to the spinning
of the rotor, and forces which act in the negative xdirection.

The second set of forces arises from concen

tration gradients which are set up in the cell and these
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forces are therefore related to the chemical potential of
the particle.

Equation 1 can then be written for a two

component system as
J = LF-L • 0 p / 3 x )T

(2)

where F is now the external force and y the chemical
potential.
The coefficient L cannot be related to the properties
of the particle from thermodynamic considerations alone.

To

do this a mechanical model is required.
In free space the motion of a particle is described
by the equation F = ma where m is the mass of the particle
and a = dv/dt, its acceleration.

In a viscous fluid an

opposing frictional force is set up as soon as the velocity
of the particle becomes finite.

For small velocities this

force is directly proportional to the velocity so that the
equation of motion becomes m dv/dt = F - fv where f is the
frictional coefficient.

Therefore as v increases, the

acceleration, dv/dt, decreases until fv equals F and no
further change in velocity occurs.

The steady-state velocity

which is then reached is given by equation 3.
v = F/f

(3)

The flow of particles across a unit area perpen
dicular to the x-axis in the time interval dt is the number
of particles in a volume vdt.

Since the force, F, in

equation 3 is the force per particle, then J in equation 2
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must be expressed as particles per square centimeter per
second.

If N is the number of particles per cubic centi

meter the flow in time dt is vdtN or, per unit time
J = vN = NF/f
L in equation 2 is therefore N/f.

(4)
If flow is

expressed as moles per cubic centimeter per second and F
as force per mole, equation 4 becomes
J = LF = CF/Nf

(5)

where N is Avagadro1s number and C is the concentration of
the particle in moles per cubic centimeter.
Combining equations 2 and 5 and recognizing that the
external force in equation 2 is the centrifugal force due
to rotation, we obtain
J = (C/Nf) •(Mto2r) - (C/Nf) •Op/3r)T

(6)

where M is the molecular weight, u the angular velocity of
the rotor in radians per unit time, and r the distance
from the axis of rotation.
Since at constant temperature
V = F(P,C)t

(7)

then by Euler's rule
Ou/3r)T = Ou/3P)c (3P/3r)T+Ou/3C)p OC/3r)T

(8)

From elementary thermodynamics it may be shown
(Daniels and Alberty, 1961) that

Ou/3P)T c = CV = Mv

(9)
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where M is the molecular weight, v is the partial specific
volume, and V is the partial molal volume.

It is true that

0y/&C)T p = RT/C + RT(3 In yc^ C ) TjP

(10)

where yn is the activity coefficient of species, C, R is the
gas constant and T the temperature in °K.

Finally,

0 P/S r)T c = poo2r
where p is the density of the solution.

(11)
Combining equations

9, 10, and 11, equation 8 becomes
(3 y/a r)T = Mvpo)2r + [RT/C] (1+C0 l n y ^ C)T p 0 C/9 r)T ) (12)
Combining equation 12 with equation 6 results in equation
13, the fundamental equation of the ultracentrifuge.
J = [CMio2r/Nf] (1-vp) - [RT/Nf] [(1+CO lnyc/3 C)T p]-0 C/8 r)T

(13)

Sedimentation equilibrium. When the sedimenting
particle is at equilibrium in the ultracentrifuge there is
no net transport of the particle at any point in the
centrifuge cell.

The left-hand side of equation 13 may be
2
set equal to zero. Upon rearranging, equation 13 becomes
(RT/C) 'dC/dr = M( 1-vp)io2r/( 1 + C(3 lnyc/3 C)T p))

p

(14)

(a C/a r)T is treated as the total derivative, dC/dr,

in the remainder of the derivative by Tanford (1961).
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If the non-ideality term, 31nyc/8C)rp p in equation 14 may
be neglected, then equation 14 becomes
(RT/C) •(dC/dr) = M(1 - vp)w2r

(15)

If the molecular weight expressed by equation 15 is defined
as the apparent molecular weight

) then equation 14

becomes
M

= M/(l + C(31nyc/3C)T)P))

(16)

Therefore, in a two-component non-electrolyte system the
apparent molecular weight approaches the true molecular
weight as the concentration of the sedimenting particle
approaches zero.
The above analysis is incomplete since the experi
ments reported below were done in the presence of electro
lyte or dissociating reagent.
itself is an ampholyte.

In addition the protein

The general equation describing

the behavior of a charged macromolecule at equilibrium in
a gravitational field in the presence of a third ionic
component has been derived by Johnson (Johnson et_ al. ,
1954) and is reproduced below as equation 17
(RT/C2) dC2/dr [1 + C2Z2/(C3 + ZCp) +
+ C2(91nyp+y^-/9C2 )T p ] = M2 (1-vp)co2 - dC^/dr [ZRT/(C3 + ZC2) + RT(ainyp+y^-/8C3)T ^p]

(17)

where the terms are defined as:
C2, C3, the molal concentration of macromolecule and
supporting electrolyte, respectively,
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Z, the net charge on the macromolecule (taken to be
positive),
X", the molal concentration of the counter-ion,
e .g ., chloride,
Y +, Y -. the activity coefficient of the protein and
p
X
counter-ion, respectively,
, v2, the molecular weight and partial specific
volume of the macromolecule respectively.
In the absence of supporting electrolyte, equation
17, at the limit C^, dC^/dr

0

becomes

(RT/C2) (dC2/dr) [1 + (C2/(Z + 1))
3In yp+y^- C2^T,P^ = (M2/(Z + 1)) (l-vp)0)2r

(18)

If the derivative of the activity coefficient in equation
18 is neglected, then equation 18 becomes identical to
equation 14 except that M is replaced by M/(Z + 1).

There

fore in the absence of supporting electrolyte the observed
molecular weight is a function of the charge, Z, on the
protein.

In general Z cannot be determined in solutions

of low ionic strength because of the tendency of the
protein to associate, and unless Z can be determined then
molecular weight determinations must be performed experi
mentally in the presence of supporting electrolyte.
In order to evaluate the effect of the concentration
of supporting electrolyte on the observed molecular weight
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the concentration distribution of this component, dC^/dr,
in equation 17 must be evaluated.

This equation has also

been derived by Johnson and ignoring derivatives of
activity coefficients, is reproduced as equation 19.
(RT/C

)-dC3/dr[2 - (ZC2/(C3 + ZC2))] = MgCl - v3p)w2r

(19)

In a typical experiment the concentration of protein
is about 0.1 per cent or if the protein has a molecular
_2i
weight of 10,000 daltons, the solution is about 10
molar
in protein.

A reasonable value for the net charge on such

a protein near its isoelectric point is four.

Typically,

electrolyte is present at a concentration of 0.2 molar.
Therefore

<<C2>> ZC2 and the second term inside

parentheses in equation 19 and the term
in equation- 17 may be neglected.

+ ZC^)

In addition, the term

ZRT/(C^ + ZC^) in equation 17 is approximately equal to
ZRT/C^.

With these simplifications and again ignoring

derivatives of activity coefficients in equation 17, the
expression for dC^/dr in equation 19 may be substituted
into equation 17.

The result of this procedure is equation

20 .
(RT/C2)*(dC2/dr) = M2 (1 - v2p)w2r - ZM^(1 - v^p)w2r/2

(20)

Equation 20 is identical to equation 15 except that
Mn

App

has been replaced by
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M2 - ZM3(1 - v3p)/2(l - v2p)

(21)

Thus experiments in the presence of a third ionic
component do not give the true molecular weight even when
is extrapolated to zero protein concentration, which
is required in order to justify neglecting the activity
coefficients.

However, if the typical experimental

conditions described above are used and with NaCl as the
third component (M^ = 58 and v^ = 0.3) and assuming v2 =
0.75, then the negative term of expression 21 is equal to
320 daltons or about 3 per cent of M2 .
In order to neglect derivatives of activity co
efficients the assumption that no specific interactions are
present between the protein and supporting electrolyte must
be made.

For dilute solutions of protein and electrolyte

this assumption is justified.

However, this assumption has

recently been evaluated for the case when guanidinium
chloride is the supporting electrolyte at concentrations
(e.g., 6.0 M) which al-so are effective in eliminating
protein-protein interactions (Hade and Tanford, 1968).
These authors concluded that "molecular weight [determi
nations] in 6.0 M guanidinium chloride without taking
preferential binding into account will be somewhat too large,
typically 5 to 10 per cent."

The experimental determi

nations of this interaction requires amounts of materials
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not available in this study and this uncertainty must be
taken into account in evaluating experiments performed in
the presence of this reagent.
Sedimentation velocity.

The experimental determi

nation of the sedimentation coefficient of a protein is
performed under conditions such that diffusion is negli
gible compared to sedimentation.

The second term on the right

hand side of equation 13 may therefore be set equal to zero.
Equation 22 then is the expression for the flow of material
due to sedimentation alone.
J = CMw2r(l - vp)/Nf

(22)

Defining s, the sedimentation coefficient, as
s = M(1 - vp)/Nf

(23)

and substituting into equation 22 we obtain
J = sCw2r

(24)

Generally the sedimentation velocity of a protein
is determined by recording the position of the boundary
between the protein solution and the protein-depleted
solvent as the boundary moves towards the bottom of the
centrifuge cell.

If the protein preparation is homogeneous,

the concentration of protein is constant at every point
below the sedimenting boundary, i.e., dC/dr = 0.

If the

variables in this plateau region are designated with a
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subscript p, then equation 2k becomes
J

p

= s C w2r
P P
p

(25)

In a wedge-shaped cell the area of a plane at any
point r parallel to the axis of rotation is proportional
to r.

If the constant of proportionality is designated

as a then the number of moles of C crossing the plane at
r

per unit time is ar J .

This quantity is also equal to

the decrease per unit time in the number of moles of C
present in the volume between the plane at r

XT

and the plane

at the meniscus, r . Since the number of moles between a
* m
plane at r and a plane at r + dr is arCdr then
rD
aJ r = - d (; arCdr)/dt
(26)
P P
1m
A new variable r

is defined such that at any time
r
r
1 urC dr = 1 ParCdr
rz P
rm

(27)

From equation 27 it is clear that r^ denotes the
position of the sedimenting boundary if this boundary were
infinitely sharp.

Integrating the left-hand side of

equation 27 gives
r
2
p
1 parCdr = aC (r - r )/2
rz
P p
z

(28)

Substituting equation 28 into equation 26 and different
iating gives
J r
pp

-(r2 - r2)(dC/dt)/2 + C r (dr /dt)
p
z
P
Pz
z

(29)
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For a wedge-shaped cell (radial dilution)
dC /dt = -(d(Jr)/dr)/r
P
From equation 25 and equation 30
dC /dt = - (d(s C 032r2)/dr)/r
P
P P

(30)

(31)

or
dC /dt = -2s oo2Cn
P
P
P

(32)

Using equation 32 for dCp/dt and equation 25 for Jp
and substituting into equation 29 gives
sp = (drz/dt)/rzw2

(33)

which relates the sedimentation coefficient to r .
z
Diffusion.

Experimentally the diffusion constant of

a protein is determined by layering a solution of the protein
over a layer of solvent and observing the time-dependent
distribution of solute.

Conditions are such that, during

the course of the experiment, transport by sedimentation is
small compared with transport due to diffusion and thus the
first term on the right-hand side of equation 13 may be
neglected.

The transport of solute due to diffusion may

then be expressed by equation 3^.
J = -(RT/Nf) •[1 + C(3 lnyc/9 C )] C/9r

(3*0

Fick’s law (equation 35) states that the flow of
particles per unit time, J, across a plane perpendicular
to the direction x of a concentration gradient is propor-
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tional to the concentration gradient.
J = -DO CA x )T

(35)

From equation 3^ and 35 the diffusion constant may
then be defined as
D = (RT/Nf) *(1 + CO lnyc/^ C)TjP)

(36)

Equation 36 is correct for a two-component, non-ionic, non
interacting system at equilibrium except for the presence
of a concentration gradient.

In the three-component

systems used in this study, however, both the protein and
supporting electrolyte are ionic.

The effect of charged

species on equation 36 has been developed by Schachman
(1959) •

It may be shown that such effects are minimized

by performing experiments (1) under conditions which also
minimize the effects of charge on the molecular weight
determined by sedimentation equilibrium (i.e., neutral pH)
and (2) at low concentration of protein and moderate
concentration of electrolyte.
Experimental Determination of Hydrodynamic Properties
The purpose of this section is to demonstrate how
the equations derived in the preceding section were used
experimentally to determine the hydrodynamic properties of
AGDH.
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Optical systems.

From the equations of the previous

section it is clear that evaluation of the hydrodynamic
properties of proteins using the analytical ultracentrifuge
requires determination of the concentration distribution of
protein with respect to either time (sedimentation velocity),
radius (sedimentation equilibrium) or as will be shown,
with respect to both (diffusion).
The Beckman Model E Analytical Ultracentrifuge
provides a photographic record of K^dCh (r)/dr versus r where
K is a constant which depends on the optical arrangement of
the ultracentrifuge and on the refractive index increment
of the solute, and the subscript i refers to each species
present.
It will be shown that experimental evaluation of the
equations of the preceding section requires determination
of ratios of concentrations and therefore the optical
constant K need not be evaluated in order to use the
experimental results.
Figure 5 illustrates the record obtained from a
typical sedimentation equilibrium experiment.

Inspection

of equation 37 shows that
C (r ) =

(dC(r)/dr)dr
(37)
m
the concentration at any point r may be determined from
such data.

Centrifugal force
>

Figure 5„
pattern,,

Illustrative sedimentation equilibrium

Y± = K dC(r)/dr
r^ = solution meniscus
rb * cell bottom
Ari = i-i - ri-i
K = optical constant
C (r) = KZ(Ari/2)OTi + iT1_1 )
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In Figure 5, let Y^ be the net displacement,
KEdC*(r)/dr, at any point r and let
i 1

Ari = ri " ri_i

(38)

Then by the trapazoid rule of integration the area (con
centration) between any two points r^ and r^_-^ is
AC± = (Ar±/2)(Y1 - Y._1) + A r - Y ^

(39)

The total concentration at any point, r, is therefore
i
C(r.) =
(Ar1/2)(Y1_1 + Y± )

(40)

If the concentration gradient is established by layering
the solvent over the solution in a synthetic boundary cell
(page 66) rather than by redistribution of solute by
sedimentation then the parameter evaluated by equation 40
will be the initial concentration of solute, C(0).
Sedimentation equilibrium.

The fundamental equation

for the experimental determination of molecular weights from
sedimentation equilibrium experiments is equation 14 of the
preceding section.
reproduced below.

Two rearrangements of this equation are
In what follows it is assumed that the

non-ideality term in equation 14 may be neglected.

The

first form of this equation is
dC(r)/dr = M(1 - vp)w2rC(r)/RT

(4l)

The integral of this equation from r = ra (the meniscus), to
r = r^ (the cell bottom), is
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(C (r ) - C(r.))/C(0) = M(1 - vp)u2(rf - r2)/2RT
(42)
b
a
b
a
where C(r ), C(r ) are the protein concentrations at the
a
b
meniscus and cell bottom respectively. The second form of
equation 15 is
dC(r)/C(r) = M(1 - vp )u)2rdr/RT

(43)

The integrated form of equation 43 between the limits r =
ra to r is
In C(r) - In C(r a. ) = M(1 - vp)w2(r2-r2
)/2RT
a

(44)

Each of the terms in equation 42 is known or may be
determined from plots of KdC(r)/dr.

The initial concen

tration C(0) was determined from a separate synthetic
boundary experiment.

A second method of determining molec

ular weights directly from equation 4l is from the slope
of a plot of (dC(r)/dr)/r versus C(r).

This method does

not require a separate determination of C(0) but, as will
be shown, gives a different value for the molecular weight
than does equation 42.
When sedimentation equilibrium experiments are carried
out in the presence of high concentrations of dissociating
reagents, e.g., 6.0 M guanidinium chloride, the matching of
solvents necessary to eliminate all concentration gradients
except that due to protein concentration is difficult even
after extensive dialysis.

This makes the determination of
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C (0) subject to considerable uncertainty.

Analysis of data

according to equation 44 eliminates the necessity of deter
mining C(0).

An additional difficulty arises from the use

of equation 44, however, since the concentration at the
meniscus C(r_) must be determined.

This difficulty may be

overcome by choosing a rotor speed that depletes the meniscus
of protein so that the left-hand side of equation 44 becomes
independent of meniscus concentration (Yphantis, 1964).

The

molecular weight of the protein is now proportional to the
p
slope of a plot of In C(r) versus r .
Sedimentation velocity.

The derivation of equation

33 results in an expression which relates the sedimentation
coefficient to the change in the distance from the axis of
rotation to the center of the sedimenting boundary with
time.

In fact, the sedimenting boundary is not infinitely

sharp because as soon as the boundary between solvent and
solution is established, diffusion will occur.

However, it

may be shown (Tanford, 1961) that for a symmetrical boundary,
r

is essentially identical to the maximum in the concenz
tration gradient curve. At the center of this boundary,
dC(r)/dr is a maximum and experimentally the peak of the
photographic record of KdC(r)/dr versus r is easily deter
mined .
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Equation 33 may be integrated by separation of
variables.
co2s(t - t ) = In r - In r
0
z
a

(45)

From equation 45 it is clear that the seimentation
coefficient is proportional to the slope of a plot of
In rz versus t .
Diffusion.

Although equation 37 provides a defini

tion of the diffusion constant, it does not provide an
experimental method for determining its value.
If a solution of protein is layered over the solvent
in which the protein is dissolved, then, in the absence of
other forces the time course of the distribution of solute
on either side of the solute-solvent interface is given by
equation 46 (Schachman 1959).
dC/dr = C(0)/(27TDt)1/2 • e~r /4Dt

(46)

If at the maximum of a plot of dC(r)/dr versus r, r is
defined as zero then equation 46 becomes
|dC/dr |
= C(0)/(.2irDt)1/2 = hm,Y
max
max

W )

At any time t the area, A, under the plot of dC(r)/dr versus
r will be proportional to C(0).

Therefore at r = 0 equation

47 may be written as
h
= A/(2nDt)1/2
max
Rearranging equation 48 gives

(48)

66
A2/h2 = 47TDt
Therefore the slope of a plot of A^/h

(49)
versus t Is pro

portional to the diffusion constant.
In the ultracentrifuge the layering process is
accomplished by using a synthetic boundary cell.

This

cell consists of two chambers connected by a very thin
capillary tube halfway up the wall separating the chambers.
One chamber is filled with protein solution to a point
below the capillary tube while the second chamber is filled
with solvent to a point somewhat above the tube.

The

capillary tube is thin enough so that flow of solvent into
the solution chamber occurs only when the centrifugal force
on the cell exceeds 1,000 x g.

This force does not cause

appreciable sedimentation during the course of the experi
ment while at the same time the optical system of the
ultracentrifuge provides a photographic record of dC(r)/dr
versus r at several time intervals.
Molecular Weight Averages
The molecular weight averages with which this
discussion will be concerned are the weight-average (Mw ),
and z-average (M ) molecular weights.
z

These averages are

defined as
M

w

= l M,C./I C
, 1 1 , 1

(50)

Treatment of a protein with dissociating reagents
may not completely eliminate all specific protein-protein
interactions.

Sedimentation equilibrium studies on such

preparations or on preparations which are otherwise polydisperse will result in the estimation of a molecular weight
average.

The purpose of this section is to determine which

moments of the molecular weight are determined when sedi
mentation equilibrium data are treated as described previ
ously .
For a heterogeneous preparation of protein, the
behavior of each species must be described by equation 15
dC^/dr = CiMi (l - vp)u)2r/RT

(52)

where terms with subscripts refer to the iL

species.

The

optical system will measure KEdC.(r)/dr at each point in
i 1
the cell.
Integrating equation 52 between r

cl

[2RT/oj2(1 - vp)]-[(C.(rb )-C1(ra )] =

and r

0

gives

C i (0) (r2-r2 )Mt

Summing over all components and dividing by

(53)

(0) gives

2RT/u 2(1 - vp) •[E (Ci(rb )-C1(ra ))/S (^(0)] = Mw (r2-r2)

(51!)

Equation 5^ is identical to equation 42 except that
the molecular weight which is determined by treating data
from sedimentation equilibrium experiments according to

68
equation 42 is the weight-average molecular weight.
It is clear from equation 4l that the slope of a
plot of (dC(r)/dr)/r versus C(r) is proportional to the
weight.

Rearranging equation 53 and summing over all

components gives
RT/r • E dC.(r)/dr = (1 - vp)w2 •
i
1
• [E M C .(r)•E C,(r)/E C,(r)]
i 1 1
i 1
i i

(55)

A polydisperse preparation of protein will thus
result in experimental data from sedimentation equilibrium
experiments which when plotted according to equation 4l
will give a non-linear curve.

The slope of this plot at

any point is proportional to the weight-average molecular
weight of the preparation at each point r.
The slope of a line joining the terminal points of
such a plot can be expressed by equation 56.
slope = (1/r

EdC,- (r)/dr) _
- (1/r EdCi(r)/dr)
/
b i 1
r ~ rb
a i
r-ra
/(E C.(rb ) - E C.ra )

Each parameter in equation 56 may be determined directly
from experimental data.

Using equation 52 for each

(dC^(r)/dr)/r in the numerator of equation 56, and using
equation 53 for each

(rfe)-Ci(r ) and summing over all

components, equation 56 becomes

(56)
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slope = (((1 - vp)a)2)/2RT) • ZM2C (0)/£M.C.(0)
i 1 1
i 1 1

(57)

The slope of such a line Is therefore proportional
to the Z-average molecular weight of the heterogeneous
protein sample.
In order to determine which molecular weight average
the meniscus depletion technique yields it is convenient
to write equation 44 in the exponential form.
C(r) = C(a)•exp[[M (1 - vp )u)2r2/2RT] ] •
• [-M(l - vp)w2r2/2RT]]
cl

(58)

From the definition of Mw and using the substituition that

= 1YL(1 - vp)a)2/RT5 then

m (r) = Em.(r)C.(r)/EC.(r)
w
^ l
i
^ l

(59)

substituting equation 59 into equation 58 yields
mw (r) = Em1 (r)C1 (r)« exp[[mi (r)r2/2] •[-m1 (r£L)r2/2]]/
/^Ci(a) exp[[m1 (r)r2/2]•[-m1(ra )r2/2]]

(60)

The denominator of equation 60 is C(r) and the numerator
is dC(r)/d(r2/2).

Therefore equation 60 may be written as

m (r) = (1/C(r)) • dC(r)/d(r2/2) = d In C(r)/d(r2/2) (6l)
w
From the definition of m^ and equation 6l it is seen
that the meniscus-depletion technique yields the weightaverage molecular weight when the data from such experi
ments are plotted according to equation 44.

70
Molecular Shape
The molecular weight of a protein may be determined
from sedimentation equilibrium experiments or from the
sedimentation coefficient and diffusion constant.

In the

latter case, if the constants are determined under identical
conditions, then the frictional coefficient in equations 36
and 23 are identical and may be eliminated from the two
equations to give
M = sRT/(D (1-vp))

(62)

Equations 23 and 36 are more useful, however, in providing
information concerning the shape of the macromolecule.
Stokes (1880) has shown that the frictional coeffi
cient of a spherical particle of radius Rq in a solvent of
viscosity n is given by equation 63.
fQ = 6TrriRQ

(63)

A protein particle is considered to occupy a volume
which depends on its size and its degree of hydration.

If

the protein particle is assumed to be a sphere then its
radius can be shown (Oncley, 1943) to be
R
where

= [3M(v0 + 6vn )/4ttN]1/3

is the partial specific volume of the protein,

v^ the partial specific volume of the solvent and 6 the

(64)
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degree of hydration, i.e., grams of water per gram of
protein.

Combining the definition of the diffusion constant

(extrapolated to zero protein concentration) with equations
63 and 64 results in an expression for the frictional
coefficient of the protein in terms of its molecular weight
and hydrodynamic volume.
f = f0kT/D = 6Trnf/f0 [3M(v 2 + 6v 1)/')tiN]1/3

(65)

The term f/f , the ratio of the frictional coefficient of
the molecule to the coefficient the molecule would have
if it were a perfect sphere, provides information concern
ing the shape of the protein, i.e., the closer the ratio
is to unity, the more spherical is the molecule under
consideration.

However, the terms 6 and f/f^ cannot both

be determined from measurements of the diffusion constant.
Nevertheless, the minimum frictional coefficient, f ^ , as
well as the maximum diffusion constant compatible with
the known molecular weight, D
, can be estimated by
max
setting 6 equal to zero and f/fQ equal to unity. Equation
65 then becomes
fmin
. = kT/DT
T1QV = 6ttti (3Mv 9/4
N) 1/X^
max
d tt—

(66)

Combining equation 66 with the definition of the diffusion
constant yields
f/fmin = Dmax /D

(67)
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Since D
may be computed from known parameters and an
max
independently determined value of the molecular weight,
the frictional ratio

can also be determined.

The

calculated ratio may then be compared to the same ratio
obtained for proteins of known shape, and an indication of
the asymmetry of the protein under study may be obtained.
In addition, by assuming reasonable values for 6 in
equation 65, Oncley (19^3) has related the ratio f/fQ to the
ratio of the major to minor axes of prolate and oblate
ellipsoids.

These equations will not be derived here since

extensive use of them will not be made.

However, the

procedure outlined above will be used to obtain an estimate
of the assymmetry of AGDH.
Experimental Errors in the Estimation of Molecular Weights
The preceding sections indicate that estimation of
molecular weights of ionic macromolecules in the presence
of supporting electrolyte involves an uncertainty of about
5 per cent if there are no specific interactions between
any of the components in the system.

These uncertainties

result from the inability to determine the net charge on
the macromolecule at or near the isoelectric pH (Equation
21).

While these inaccuracies may be minimized by performing

the experiments at neutral pH and moderate ionic strength,
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nevertheless In the absence of data on the net charge of
the protein, the values determined from sedimentation
equilibrium must be assigned an uncertainty of 5 per cent
on the basis of theoretical considerations alone even If
non-ideality terms are neglected.
A second possible source of error arises when the
derivatives of activity coefficients are neglected
(equation 17)•

At the low protein concentrations used

experimentally and in the presence of moderate electro
lyte concentrations, this assumption is probably valid.
However, as has been pointed out by Hade and Tanford (1968),
this assumption introduces significant error when experi
ments are performed in the presence of high concentrations
of guanidinium chloride.
A final source of error arises from determinations
of K dC/dr and r from the photographic record obtained
from the ultracentrifuge.

The K dC/dr at r (the

in

Figure 5, page 6l) were measured by placing the photo
graphic plate in a Nippon Kogzku microcomparator.

It was

found that the variance in the measurement of the

was

independent of the value of the Y^ except for small values
of Y^.

This is due to the fact that the plots of K dC/dr

versus r recorded photographically are not sharp lines but
are recorded as bands (page 1081

The overlap between the
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baseline (solvent) curve and the curve due to protein con
centration changes at low protein concentration causes
greater uncertainty in the estimation of
where the two curves are well separated.

than at points
However these

points do not greatly affect the results.

The statistical

errors involved in measuring the schlieren displacements
and in the concentrations derived from such measurements
may be evaluated as follows.
Prom elementary statistics (Worthing and Geffner,
1943) if A = P(Y1) then
Var(A) = Z O A / 3 Y P 2 Var(Y. )
i
1

(67a)

where A is the area under the plot of K dC/dr versus r.
Prom equation 41:
Var(A) = Z (3A/3Y.)2 • Var(Y.) +
i
1
+ Z (3A/3Y._1)2 . Var(Y._1 )

(68)

Also from equation 40
3A/3Y^ = Ar /2 ; 3A/3Y1_1 = A ^ / 2

(69)

Since Var (Y^) = Var (Y^_^) and since the Y^ were measured
at equal intervals of r_^ equation
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becomes

Var (A) = 2N VartYj) (Ar/2)2
where N is the number of increments of Ar^.
The relative error in the estimate of any area is
therefore

(70)
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Var(A)/A = 2N Var(Y±)(Ar/2)2/I( Ar/2) (Y± + Y ^ )

(71)

In typical experiments the VarCY^) is about .002 cm,
N is 20, Ar/2 is 2.3 x 10"^ cm and A is 2 x 10-2 cm2.

The

relative error in the estimate of a typical area is there
fore about 0.1 per cent.

This is considerably less than

the uncertainty which arises from the assumptions which
were made in the derivations of the equations in the
preceding sections.
Inspection of equation 71 shows that the relative
error in the estimate of an area depends on the area.
Therefore, when functions of the area are plotted against
functions of the radius it is necessary to apply a weighting
factor.

Use of the meniscus depletion technique requires
p
estimation of the slope of a plot of In C(r) versus r .
From elementary statistics the proper weighting factor is
defined as
l/wi = (3P(A.)/3Y1 )2
Since F(A^) = In A

(72)

and from equation 40

Ai = Ai_i + (Ar/2)(Y1+Yi_1)

(73)

then
3F(A±)/3Y

= d In A±/dY± = (Ar/2)/ln A^

(74)

and
w^ = (2 In A V A r ) 2

(75)

In practice, the slopes of plots of In C(r) versus
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r2 were determined by a weighted least-squares procedure.
This technique also gives an estimate of the variance of
the slopes so determined.
In typical experiments the uncertainty in the
estimate of the slopes was about one to two per cent, again
less than the uncertainty arising from the assumptions and
approximations made in the derivation of the equations.

CHAPTER V
RESULTS
Enzyme Kinetic Experiments
The apparent Michaelis constant (K ) and maximal
velocity (V ) were estimated for each substrate of AGDH
and are listed in Table II.

Estimates of these parameters

obtained by two other workers using an impure preparation
of the enzyme are also listed in Table II.

Figures 6a-d

are the plots of v(0) versus v(0)/S(0) based on the data
obtained from these experiments.

The values of Km and

Vm were determined by fitting initial rate data to the
Michaelis-Menten equation (Henri, 1903) using the method
of least squares.

Each initial rate was assigned a

statistical weight proportional to (v(0))^ (Wilkinson,
1961).

The standard deviations (S.D.) of the data points

from the fitted line are also reported in these figures.
Ion-exchange Chromatography
The results of ion-exchange chromatography of AGDH
on DEAE A-25 indicated that as many as 8 peaks of enzyme
activity could be eluted in these experiments.
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Since the

TABLE II
KINETIC PARAMETERS OF GLYCEROL DEHYDROGENASE

Substrate

Concentration
of Saturating
Substrate
M

a

Km (M)
b

Vm
Moles/Min./
Mole Enz.
2.7 X 10-5

X 10“4

d

X 10“3

1.3

X 10”2

1.3 X

(DHA) 5 x 10~3

2.3 X io“5

1.4

X 10“5

d

(NADH) 1 x lCT4

5.1 X 10“4

1.3

X 10"3

1.3 X

2.8 X

Glycerol

(NAD) 3 x 10“3

NADH
DHA

•

(Glycerol) 5 x 10~2

^This study; DHA, dihydroxyacetone.
^Burton (1963).
^Strickland and Miller (1968).
aNot reported.

CO
1
O
1—1

1.5

NAD

-=r
CO

-=3"
1
O
1—1

c

1.4 X 10“5
2.3 X 10“5

i o -*

1.9 X 10“5
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Figure 6. Plots of v(0) versus v(0)/S(0) from
kinetic data obtained with glycerol dehydrogenase.
<

(a)
(b)
(c)
(d)

Glycerol varies.
NAD varies.
Dihydroxyacetone varies.
NADH varies.
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possibility exists that the number of peaks is greater than
eight but that some were missed because the fractions which
were collected were too large (15 ml), these experiments
were repeated and 5-ml fractions were collected.

A typical

elution pattern obtained from these experiments is shown
in Figure 7.

Note that some peaks are the result of a

single measurement.

These peaks did not appear consist

ently throughout several experiments.

The thirteen major

peaks and one minor peak (peak zero in Figure 7) which did
appear consistently are indicated by bars over the peaks.
Polyacrylamide Gel Electrophoresis
Figure 8a is an illustration of the results obtained
when an apparently pure preparation of the enzyme was sub
jected to electrophoresis on polyacrylamide gel at pH 9.5.
Each band of protein in Figure 8a also gave a positive
stain for enzyme activity although not in proportion to
the amount of protein present.
Treatment of the enzyme with 2.5 M urea gave the
results illustrated in Figure 8b.

Under these conditions

distinct bands of protein were not observed even though
experiments with bovine serum albumin under identical
conditions gave sharp distinct bands of protein.

3-

Fraction Number ( 5 m l/ Fraction)

Figure 7.
from DEAE A-25.

Elution pattern of glycerol dehydrogenase
CO

§2§>

a

b

c

Figure 8. Polyacrylamide gel electrophoresis of
glycerol dehydrogenase stained for protein.
(a) Native enzyme.
(b) Enzyme treated with urea.
(c) Enzyme treated with urea and dithiothreitol.
The slower component in c is designated as protein A.
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Treatment of the enzyme with 2.5 M urea and 10”^ M
dithiothreitol at pH 9.5 gave the results illustrated in
Figure 8c.

In this case only two distinct bands of protein

were observed.

Similar results were obtained at pH 4.0.

When gels from the experiments in urea were stained for
enzyme activity, no activity was found.
Amino Acid Analysis
Table III lists the results of amino acid analysis
of a pooled preparation of the enzyme eluted from DEAE
A-50.

Table IV lists the amino acid analysis of each of

the two proteins which appeared on polyacrylamide gel
electrophoresis of the enzyme treated with urea and
dithiothreitol.
Table V summarizes the amino acid composition of
each of the thirteen major peaks and one minor peak of
activity eluted from Sephadex DEAE A-25.

Oxidation of the

cysteine and methionine residues during the course of
hydrolysis requires that hydrolyses be carried out for
increasing lengths of time and the results extrapolated to
zero time.

Since these samples were hydrolyzed for twenty-

four hours only, the cysteine and methionine content are
not reported.

However, the results did indicate that these

two residues were present in approximately the same amounts
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TABLE III
AMINO ACID COMPOSITION OF GLYCEROL DEHYDROGENASE

AMINO ACID
Lysine
Histidine

RESIDUES PERa 340,000 g PROTEIN
203
66

Arginine

103

Aspartate^

277

Threonine

166

Serine

400

Glutamate^

326

Proline

158

Glycine

476

Alanine

359

Cysteine

61

Valine

289

Methionine

105

Isoleucine

117

Leucine

214

Tyrosine
Phenylalanine

81
109

a24-, 36-, and 48-hour hydrolyses extrapolated to
zero time.
^Includes Glutamine and Asparagine.
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TABLE IV
AMINO ACID COMPOSITION OF PROTEINS ISOLATED, FROM
POLYACRYLAMIDE GEL

AMINO ACID

RESIDUES PER 28,000 G
Protein A

Lysine

Protein B

17

17

Histidine

4

7

Arginine

8

9

Aspartatea

20

26

Threonine

14

14

Serine

36

29

Glutamatea

26

32

Proline

15

15

Glycine

45

33

Alanine

30

30

5

5

31

16

Methionine

3

4

Isoleucine

8

10

14

22

Tyrosine

7

7

Phenylalanine

8

9

Cysteine
Valine

Leucine

aIncludes Glutamine and Asparagine.

TABLE V
AMINO ACID COMPOSITION OF PEAKS ELUTED FROM ION-EXCHANGE CHROMATOGRAPHY

Peak Number

(0)

1

3

4

5

6

8

7

9

10

11

12

13

Moles of Each Residue per 3. 4 x lO^ g Protein

Amino Acid
Lysine
Histidine
Arginine
Aspartate3Threonine
Serine
Glutamate3
Glycine
Alanine
Valine
Isoleucine
Leucine
Tyrosine
Phenylalanine

2

205
45
105
235
170
437
314
537
363
370
100
168
79
102

211
50
110
250
176
429
319
526
360
355
105
174
79
99

206
50
107
246
175
414
330
507
364
336
104
183
80
103

198
53
102
258
164
418
338
504
371
319
108
I89
76
97

209
56
109
258
167
405
336
485
364
321
106
189
78
107

204
59
108
263
173
401
347
475
351
291
109
197
79
104

206
62
102
272
167
389
347
461
360
272
113
207
84
101

212
68
107
291
165
381
368
446
367
255
113
216
78
97

205
69
102
291
178
366
370
^39
357
256
120
220
79
104

199
73
102
289
176
371
376
415
362
246
120
225
78
102

197
74
108
308
171
370
374
425
368
237
122
233
83
102

206
78
105
300
167
359
385
415
359
214
125
240
77
105

204
84
108
309
177
349
391
389
357
202
127
254
79
107

209
85
102
309
170
351
386
390
362
194
129
268
80
102

aIncludes Glutamine and Asparagine.

CO

87
as in the pooled material.
Ultracentrifuge experiments
Native enzyme.

Figure 9a-b shows plots of the

sedimentation and diffusion constants respectively versus
the protein concentrations at which they were determined.
When these plots were extrapolated to zero protein concen
tration, a value of 10.7 x 10-^

sec”^ was obtained from

the sedimentation constand and 3.07 x 10'^ cm^/sec as
the value for the diffusion constant.
The partial specific volume of the native enzyme
was calculated from the amino acid composition of the
pooled enzyme preparation given in Table III (page 84),
and the partial specific volume of each amino acid residue
(Schachman, 1963).

Table VI illustrates the manner in 'which

the value of 0.72 ml/g was determined.

The molecular weight

calculated from these constants and equation 62 was 3.45 x
lO^ daltons.
Sedimentation equilibrium experiments were performed
with the native enzyme at speeds which did not deplete the
meniscus of protein.

Initial concentrations were determined

from synthetic boundary experiments and calculations from
these experiments were based on equation 42.

Figure 10

is a plot of the observed molecular weight of AGDH versus
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0

1

2

3

4

5

PROTEIN CONCENTRATION (MG/ML)
Figure 9
Sedimentation and diffusion constants of
glycerol dehydrogenase extrapolated to zero protein concen
tration 0
(a) Diffusion constant„
(b) Sedimentation constantu
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TABLE VI
DETERMINATION OF PARTIAL SPECIFIC VOLUME OF GLYCEROL
DEHYDROGENASE FROM AMINO ACID COMPOSITION

Amino Acid
Lysine
Arginine
Histidine
Aspartate
Threonine
Serine
Glutamate
Proline
Glycine
Alanine
Cysteine
Valine
Methionine
Isoleucine
Leucine
Tyrosine
Phenylalanine

Weight
Percent3-^
6.83
2.36
4.21
8.57
4.89
9.75
12.30
4.84
8.29
7.71
1.78
7.85
3.53
3.55
6.52
3.33
3.57

Residue Partial
Specific Volume0
0.82
0.67
0.70
0.69
0.70
0.63
0.66
0.74
0.64
0.74
0.63
0.86
0.75
0.90
0.90
0.71
0.77

-

Residue Volume
Percent^
5.60
1.58
2.95
5.06
3.^2
6.14
8.12
3.68
5.31
5.71
1.12
6.75
2.65
3.20
5.87
2.36
2.75

faO
0
0
i
—1
11
•H
£
WvH

Ew.v. = 72.2 ml
i 1 1

Calculated from amino acid composition of pooled
protein given in Table
°Units: g of each residue per 100 g protein.
cUnits: ml per g of each residue.
Cnits: ml per residue per 100 g protein.
v = i
Ew.*v./Ew-t
-L i i -L = 0.722 ml/g protein
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3 o6

10”^ (Daltons)

3,5

x
s

3 o4

3 .3

3,2

3 c1

0

1

2

3

4

5

' , PROTEIN CONCENTRATION (MG/ML)
Figure 10. Molecular weight of glycerol dehydro
genase versus protein concentration,,
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the protein concentration at which the experiment was
performed.

When this plot was extrapolated to zero protein

concentration, a value of 3.34 x 10-* daltons was obtained
for the weight-average molecular weight.

An estimate of

the z-average molecular weight of the preparation was
obtained by plotting the data obtained at a protein con
centration of 3 mg/ml according to equation 4l (Figure 11).
The slight non-linearity of this plot indicates that the
preparation is poly disperse.

The z-average molecular

weight calculated from equation 57 was 4.9 x 10^ daltons.
The weight-average molecular weight determined from equation
55 was estimated at two points to illustrate dispersity
(M (1), M (2); Figure 11).

Thus at the meniscus the

weight-average molecular weight approaches 3.4 x 10^ daltons
while at the cell bottom it approaches 4.5 x 10^ daltons.
A frictional ratio (f/fmin) of 1.5 was calculated using
equation 66 and the values of S°
H

, D°

20,w ’

20,w

, and the

weight-average molecular weight which was estimated from
sedimentation equilibrium experiments.

For convenience

the hydrodynamic properties of native AGDH are summarized
in Table VII.
Enzyme treated with urea.

The weight average

molecular weight of AGDH treated with 2.5 H urea, esti
mated from a low-speed sedimentation equilibrium experiment,

Figure 11. Z-average molecular weight of native
glycerol dehydrogenase.

VO

r\j
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TABLE VII
HYDRODYNAMIC PROPERTIES OF GLYCEROL DEHYDROGENASE

PARAMETER

VALUE

c°
20 ,w
D°
u20,w

10.7 S
a3.07 x 10”7 cm2/sec

f/f
.
/ min.

1.5

V

b7.2 x 10”1 ml/g

Molecular weight

c3.^5 x 105 daltons
d3.3^ x 105 daltons

aFrom
bFrom
°From
uFrom

synthetic boundary experiment.
amino acid composition.
s|Q w and D§0>w.
sedimentation equilibrium.
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was 5.8 + 0.2 x 10^ daltons.

An estimate of the dispersity

of the preparation was obtained by plotting the data from
one of these experiments according to equation 4l.

The

non-linearity of this plot suggests that the preparation
at this stage of dissociation is polydisperse (Figure 12).
The z-average molecular weight of this preparation was
2.8 x lO^ daltons, while the weight-average molecular
weight at the meniscus approaches 5.8 x 10^ daltons and at
the cell bottom approaches 2.0 x 10^ daltons.
Enzyme treated with guanidinium chloride.

Figure 13

is a plot of log C(r) versus r^ obtained from a high-speed
sedimentation equilibrium experiment in which AGDH was
treated with 6.0 M guanidinium chloride and 5.0 x 10”^ M
dithiothreitol.

The inset in this and other plots based

on data obtained from the meniscus depletion technique is
a plot of C(r) versus r^ throughout the entire cell.

The

range of the data points is the maximum expected uncertainty
in log C(r).

The weight-average molecular weight estimated

from this experiment was 3.2 x 10^ daltons.
Since the presence of forms of AGDH in which all
disulfide bonds are not reduced will cause the observed
weight-average molecular weight to be greater than the
smallest species present, a series of sedimentation
equilibrium experiments was carried out at increasing

K (dC(r)/dr) / r x 10

Figure 12. Z-average molecular weight of glycerol
dehydrogenase treated with urea.

VO

v_n
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(J)0) OlSoq + (X)0l3o7
r2 (crru2)
Figure 13. Meniscus depletion experiment with
glycerol dehydrogenase treated with 5 x 1 0 “ ^ M dithiothreitol
and 6 U0 M guanidinium chloride.
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rotor speeds on the enzyme treated with 6.0 M guanidinium
chloride and 10"2 M dithiothreitol.
The results of an experiment at 21,000 r.p.m. are
shown in Figure 14.

At this rotor speed the meniscus was

not depleted and the data were plotted in the form
(dC(r)/dr)/r versus C(r) (equation 55).

The z-average

molecular weight calculated from the slope of the line
connecting the end points of the plot (equation 57) was
4.3 x 10^ daltons.

The weight-average molecular weight at

the meniscus was 2.8 x 10^ daltons while at the cell bottom
it approached 4.3 x 10^ daltons.
Increasing the rotor speed to 31,000 r.p.m. was
sufficient to deplete the meniscus.
versus r

p

The plot of log C(r)

based on the data from this experiment is pre

sented in Figure 15.

The weight-average molecular weight

calculated from this plot was 3.6 x 10^ daltons.

When the

rotor speed was increased to 39,000 r.p.m., the plot in
Figure 16 was obtained.

In this case the observed weight-

average molecular weight was 2.8 x 10^ daltons.

The weight-

average molecular weight of the carboxymethyl derivative
of the enzyme estimated from a meniscus depletion experiment
in the presence of 6.0 M guanidinium chloride was 2.8 x 10^
daltons.

Table VIII summarizes the results obtained from

sedimentation equilibrium experiments in which the enzyme
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Figure 14. Z-average molecular weight of glycerol
dehydrogenase treated with 0.01 M dithiothreitol and 6.0 M
guanidinium chloride.

vo
oo

log |o K + lo g |0 ( c ( r ) x I 0 4)

99

r 2 (c m 2)

Figure 15. Meniscus depletion experiment with
glycerol dehydrogenase treated with 0.01 M dithiothreitol
and 6.0 M guanidinium chloride at 31,000 revolutions per
minute.
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Figure 16. Meniscus depletion experiment with
glycerol dehydrogenase treated with 0.01 M dithiothreitol
and 6.0 M guanidinium chloride at 39>000 revolutions per
minute.

TABLE VIII
APPARENT MOLECULAR WEIGHT OF GLYCEROL DEHYDROGENASE TREATED
WITH THE INDICATED REAGENTS

CONDITIONS

EXPT.
Solvent

Rotor
Speed
rpm
5,650

Molecular Weight
Daltons

3.34 x 105a

1

0.2 M NaCl + 0.1 M Tris-HCl pH 7.6

2

2.5 M urea + 0.2 M NaCl

10,980

6.0 x 104b

3

6.0 M guanidine-HCl + 5.0 x 10“^ M
dithiothreitol

39,^60

3.15 x 104d

6.0 M guanidine-HCl + 10”^ M
dithiothreitol

21,740

2.8 x 104, 4.3 x 104c

5

Same as expt. 4

31,410

3.6 x 102|d

6

Same as expt. 4

39,450

2.78 x 10i|d

7

S-carboxymethyl protein in 6.0 M
guanidine-HCl

39,450

2.84 x 104d

4
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aLow speed method.
bLow speed method.
cWeight average molecular weight at the meniscus and cell bottom from a
plot of.the data in the form (dC(r)/dr)/r versus C(r).
aMeniscus depletion experiment.
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was treated with the various dissociating and sulfhydrylactive reagents.
Treatment of enzyme with PMB.

The results of the

spectrophotometrlc titration of AGDH with PMB both before
and after reduction with dithiothreitol are listed in
Table IX.

The data are consistent with the hypothesis

that there are, in the completely reduced protein, five
moles of titratable sulfhydryl groups per 28,000 g of
protein.

Three of these residues in the unreduced (native)

enzyme are present as disulfide bonds.
The results of meniscus depletion experiments on
the PMB-titrated protein are illustrated in Figure 17 for
the unreduced protein and in Figure 18 for the protein
which had been reduced before titration.

In the first

case the protein preparation had a molecular weight of
5.6 x 10^ daltons while in the second case the molecular
li
weight was 3.1 x 10 daltons.
When experiments with the pre-reduced, PMB-titrated
protein were allowed to proceed for an additional thirtysix hours, the observed weight-average molecular weight
increased to 4.2 x 10^ daltons.

The increase in the

observed weight-average molecular weight may be due to the
reformation of interchain disulfide bonds, since the
reaction between thiols and p-hydroxymercuribenzoate is

TABLE IX
TITRATION OF GLYCEROL DEHYDROGENASE WITH p-HYDROXYMERCURIBENZOATE

Expt.
1

Moles PMB Per
3.4 x 105 g Protein

Conditions

24.1

6.0 M Guanidine-HCl

Molecular Weight
Daltons
b5.6 x 10^

_ p

Enzyme pre-reduced with 10 ^ M
dithiothreitol; 6.0 M guanidine HC1
Same as 2 except ultracentrifuge
run proceeded for additional
24 hours.

60.1;

3.4 x 10'
:4 .2 x 10'

_p

Material from 2 made 10
M in
dithiothreitol; other conditions
the same.

c3 .3 x 104

aWhen this preparation was allowed to reoxidize for 3 days then 25.4 moles
PMB reacted per 3.4 x 105 g protein.
bRotor speed was 25,980 rpm.
cRotor speed was 34,960 rpm.

o
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Figure 17„ Meniscus depletion experiment with
glycerol dehydrogenase titrated with p-hydroxymercuribenzoate0

Log

105

Figure 18, Meniscus depletion experiment with
glycerol dehydrogenase titrated with p-hydroxymereuribenzoate*
—
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known to be reversible (Benesch and Benesch, 1962).
Addition of excess dithiothreitol to this preparation
(10”^ M final concentration) caused the observed weightaverage molecular weight to decrease to

x 10^ daltons.

The results of these experiments are also summarized in
Table IX.

CHAPTER VI
DISCUSSION
Purity of the Enzyme Preparation
The results of the sedimentation velocity experiments
(Figure 19) indicate that AGDH prepared according to the
procedures outlined here is homogeneous with respect to
molecular weight.

Attempts to estimate the electrophoretic

homogeneity of an apparently pure preparation of the enzyme
gave the results of Figure 8a (page 82).

The appearance of

several bands of protein (each of which gave a positive
stain for enzyme activity) indicates that each band of
protein is related to the enzyme activity and does not
represent a contaminating impurity.

The ultimate resolu

tion of the complex pattern of Figure 8a into two bands of
protein (Figure 8c) when the enzyme is treated with urea
and dithiothreitol suggests that the proteins of Figure 8a
represent multiple molecular forms of AGDH.

The absence of

any sharp protein bands in the experiments in the presence
of urea alone is suggestive evidence that the preparation
is free from extraneous protein.

The constant specific

activity of the eluate from the ion-exchange chromatography
experiments as well as the consistent amino acid analyses
107
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Figure 19. Sedimentation velocity pattern of
glycerol dehydrogenase.
The photograph was taken 32 minutes after reaching
speed. The bar angle was 50° and the rotor speed was
59*000 revolutions per minute.

109
of different preparations of the enzyme also suggest that
the enzyme preparation Is reasonably homogeneous.
The results of sedimentation equilibrium experiments
are usually ambiguous with respect to the purity of a
protein preparation.

This is true in the present case.

If an impurity with a molecular weight equal to the
molecular weight of the native enzyme were present in small
amounts, the high speeds used in the meniscus depletion
technique would force this material to the bottom of the
centrifuge cell.

In addition, the impurity would probably

precipitate, considering the extended times which sedi
mentation equilibrium experiments require.

In such a case

the impurity would not be detected nor would it have any
significant effect on the results.
In the experiments conducted at lower speeds with
the native enzyme and with the enzyme treated with urea,
the presence of proteins of higher molecular weight as
indicated by differences between the weight- and z-average
molecular weights can be explained, in the former case, by
a slow aggregation of the native enzyme, and in the latter
case by incomplete dissociation of the enzyme.

However,

the data from the various experiments indicate the absence
of any significant amount of impurity having the same
molecular weight as the native enzyme.

Thus ninety-five
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per cent homogeneity Is a reasonable estimate for the
minimum purity of the preparation.
It is important to note, especially where an enzyme
is dissociable into subunits, that the complex ion-exchange
and electrophoretic patterns make definition of purity
ambiguous.

In these cases the presence of protein which

is enzymatically inactive does not necessarily mean that
the protein is unrelated to the enzyme.
Ion-exchange Chromatography
The decrease in the specific activity of the enzyme
after elution from a column of Sephadex DEAE-50 contrasts
markedly with the results obtained when Sephadex DEAE A-25
was the resin.

In the former case the extended elution

times may account for a part of the observed inactivation.
The possibility exists that the loss of activity may be
due to the removal of a small, non-covalently bound molecule
during the course of chromatography.

Fluorometric studies

on the enzyme eluted from the A-25 material did not indicate
the presence of bound pyridine nucleotide (Walter and
Singer, 1968) which in the case of some dehydrogenases is
necessary for the preservation of activity during purifi
cation (Murdock and Koeppe, 1964).

The addition of

Zn2+, Cu2+, Fe2+, Ca2+, and Mg2+ was without effect in
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restoring activity as was the addition of boiled crude
extract and aliquots of eluate which did not contain enzyme
activity.
The elution of multiple peaks of enzyme activity,
each with essentially identical specific activity, from the
ion-exchange experiments using DEAE A-25 differs from the
results obtained with the A-50 material from which a single
symmetrical peak of constant specific activity was eluted.
The different behavior of the enzyme on the two gels may
be due to physical differences between them.

The properties

of these ion-exchange materials depend on the degree of
cross-linking in the dextran polymers from which they are
made.

The extent of cross linking is reflected in the

size of the molecule which is excluded from the interior of
the hydrated gel bead.

The dextran from which the A-50

material is made has an exclusion limit for globular proteins
of about 70,000, while the gel from which the A-25 material
is made has an exclusion limit of 2,500.

Moreover, the size

of the hydrated beads is greater for the A-50 material than
for the A-25 material (although the dry beads have the same
size).

Thus the ion binding capacity per unit volume of

A-50 gel is less than that of the A-25 gel (Determan, 1968).
Enzyme Kinetics
Judging from the linearity of the plots of v(0) versus
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v(0)/S(0), the initial rate may be described by a rectangular
hyperbola over the range of substrate concentrations used in
this study (Frieden and Walter, 1963).

Thus, no evidence

was found of the sigmoidal shape plots characteristic
of many control enzymes, nor was there any indication that
AG-DH is subject to substrate inhibition by DHA, as ,reported
by Strickland and Miller (1968).

However in the latter case

the experimental conditions were different from those used
in the present study.

The buffer used in the experiments

discussed here was 0.5 M sodium phosphate, pH 9.0, while in
the other study the buffer was glycine-KOH, pH 7.7.
The reported reaction between NAD and DHA to form a
stable, enzymatically inactive adduct (Burton and Kaplan,
1953; Burton et al., 1957) requires that caution by used
in carrying out and interpreting experiments with this
enzyme and these two substrates.
Dalziel (1957) has derived a relationship between
the equilibrium constant of a reaction and the steady-state
parameters for a class of two-substrate, two-product
reactions.

This relationship is expressed by equation 76
=
6q-

VlfV2fK2rK4r
lf 2f-3r
,
V 3rV4rKlfK2f

(76)

where maximum velocities and apparent Michaelis constants
with the subscript f are for the forward reaction and para
meters with a subscript r are for the reverse reaction.
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Parameters with subscripts 1 and 2 refer to the substrates,
and those with 3 and 4 to the products.
The equilibrium constant for the reaction
NAD + glycerol
was reported as 5.1 x

NADH + H+ + DHA
(Burton, 1963).

This constant

determined in the present study was 14 x 10“^ .
source of this discrepancy is not clear.

The precise

The statement that

(NH^^SO ji increased the equilibrium constant, which appeared
in the report by Burton, casts some doubt on the value which
was reported.

The reaction between NAD and DHA also

complicates measurement of this parameter directly (i.e.,
rather than by separate measurement of the reduction
potential of the two sets of oxidation-reduction pairs).
The equilibrium constant calculated from equation 76 and the
-12
parameters reported in Table II (page 78) was 21 x 10
for
the reaction as written above.

This value is in reasonable

agreement with the value determined directly.
Polyacrylamide Gel Electrophoresis
The experiments reported here were carried out with a
system which did not employ a sample gel or a concentrating
gel as described in the original paper describing this tech
nique (Davis, 1964).

The advantages of using the continuous

system arise because it is not necessary, as it is in the case
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of the discontinuous system, to polymerize the protein in
the sample gel.

This avoids possible reactions between the

protein and the free radicals which are generated during
the polymerization process.

Artifacts which arise from

this source have been reported (Mitchell, 1967).
The ammonium persulfate which is used as the catalyst
in the formation of the resolving gel has also led to the
formation of artifacts (Brewer, 1967).

These artifacts

disappeared when the gels were subjected to electrophoresis
prior to using them with protein samples.

The discontinuous

system of Davis does not lend itself readily to pre-electrophoresis, while the continuous system used in these studies
permits pre-electrophoresis without changing the pH or
ionic strength of the buffer inside the gel matrix.

Thus

this technique avoids exposing the protein to the free
radicals of the gelling process, thereby preventing the
formation of artifacts and, in the case of enzymes,
eliminating a possible source of inactivation.
Therefore, the appearance of several bands of enzy
matically active protein when an apparently pure preparation
of the enzyme is subjected to electrophoresis in the absence
of dissociating reagents (Figure 8a, page 82) cannot be
accounted for by the action of free radicals.

The precise

nature of each protein and its relation to the native enzyme
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is not clear.

The experiments in the presence of urea

indicate that the native enzyme is dissociated by this
reagent.

Thus the bands of Figure 8a may represent species

of the enzyme in various stages of dissociation (or
association).

The presence of protein at the top of the

gel in Figure 8a suggests that some of the protein did not
penetrate the gel or migrated only slightly.
A relationship of the ratio of the distance moved by
the protein to the distance moved by the tracking dye, the
acrylamide content of the gel, and the molecular weight of
the protein has been established by Hendrick and Smith
(1968).

This report indicated that catalase (molecular

weight 2.4 x 10^ daltons) migrates one-sixth of the distance
of the tracking dye in a 7 per cent acrylamide gel while
apoferritin (molecular weight 4.5 x 10^ daltons) migrated
only one-twentieth of the distance of the tracking dye.
The protein at the top of the gel in Figure 8a may thus
represent dimers or higher associations of the native enzyme,
while proteins further into the gel may represent dissociated
species of the native enzyme.

The fact that all the protein

enters the gel when treated with urea is consistent with the
view that urea is effective in dissociating higher polymers
of the enzyme.
Exposure of the enzyme to dithiothreitol in the
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presence of urea resulted in the appearance of two bands of
protein on electrophoresis.

Since urea alone does not cause

complete dissociation of the enzyme but urea and dithiothreltol resolve the pattern of Figure 8b page 82

Into

distinct bands of protein, It is suggested that reduction
of disulfide bonds In the enzyme decreases the strength of
protein-protein interactions probably by causing significant
changes in the structure of the enzyme.
The results of the electrophoresis experiments do
not provide evidence concerning the actual role of disulfide
bonds in the protein, i.e., whether they are inter- or
intra-chain, but they do indicate that both covalent and
non-covalent bonds are present in the enzyme and that
disruption of these bonds causes profound changes in the
conformation of the enzyme.
Ultracentrifuge Experiments
Native enzyme.

The molecular weight of the native

enzyme estimated from the sedimentation and diffusion
constants and from sedimentation equilibrium experiments was
3.4 + .17 x 10

daltons.

This value is not in agreement

with the value of 1.4 x 10^ daltons reported by Andrews
(1964, 1965), obtained from gel filtration experiments
with Sephadex P-100 using a commercially available impure
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preparation of the enzyme.

Estimation of molecular weights

from gel filtration experiments requires a linear relation
ship between the elution volume of the protein and the
logarithm of the molecular weight of the protein.

Inspection

of the data of Andrews (1964) indicates that, for the
particular column used in that study, this linear relation
no longer exists for proteins with a molecular weight greater
than 1.3 x 10^ daltons.

Thus the elution volume of the

bovine serum albumin dimer (molecular weight 1.3 x 10^
daltons) was about 80 ml while for bovine thyroglobulin
(molecular weight 6.7 x 10^ daltons) the elution volume was
about 70 ml.

A reported variability of as much as 4 ml in

the elution volumes of the proteins used as molecular weight
markers in those experiments can easily account for the
difference in the value reported here and the value obtained
by Andrews.
Early attempts, during this investigation, to purify
the enzyme using Sephadex P-200 indicated that the enzyme
had a molecular weight in the range of 3 x 10^ daltons.
This result suggests that estimations of the molecular weights
of proteins using gel filtration should be carried out with
gels of different exclusion limits.

The exclusion limit of

the P-100 gel is 150,000 while that for the P-200 material
is 800,000 (Determan, 1968).

Thus the error in the original

value obtained by Andrews would have been readily apparent
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had the experiments been repeated using a gel of greater
exclusion limit.
The minimum frictional coefficient of AGDH calo
culated from equation 66 Is 8.7 x 10“° g/sec. This Is the
coefficient the protein would have were It an unhydrated
sphere.

The actual frictional coefficient may be cal

culated from either equation 23 or equation 36.

The value

obtained from the sedimentation constant and the molecular
weight estimated from sedimentation equilibrium experiments
Is 1.4 x 10“7 g/sec, while the value obtained from the
_7

diffusion constant is 1.3 c 10

g/sec.

The difference In

the values obtained from the two equations arises from the
uncertainty in the value of the partial specific volume
which was a calculated value rather than one determined
experimentally.

If the value calculated from the diffusion

constant is assumed to be the more accurate of the two,
then a frictional ratio, f/f . , of 1.5 is obtained. Commin
parison of this value with that obtained for other proteins
suggests that AGDH is relatively assymmetric, the values
for most globular proteins usually being below about 1.3.
If a typical value of 0.2 g of water per gram of dry
protein is assumed as the water of hydration (Tanford, 1961),
then from equation 65 a ratio f/fg of 1.4 is obtained.

This

corresponds to a prolate ellipsoid with 6.3 as the ratio of

11

the major to minor axes (Oncley, 19^3).

It must be pointed

out that although these estimates of the shape of AGDH
indicate that the protein in solution is relatively asymmet
ric, the actual numbers, since they were obtained from some
calculated or typical constants rather than from experi
mentally determined estimates of these constants, must be
taken more as a qualitative rather than quantitative
estimate of the asymmetry.
The difference in the weight average and z-average
molecular weight of the native enzyme (Figure 11, page 92)
implies that the preparation is poly disperse.
higher value of the M
the protein.

The

is probably due to aggregation of

This view is consistent with the results of

the electrophoresis experiments (Figure 8a, page 82) on
the native enzyme since the proteins which penetrated the
gel only slightly or not at all are also most likely
aggregations of the native enzyme.
Enzyme treated with dissociating and thiol reagents.
The dispersity of the preparation treated with 2.5 M urea,
s u g g e s t e d by the polyacrylamide gel electrophoresis experi

ments (Figure 8b-c), was confirmed by data from the sedi
mentation equilibrium experiments under the same conditions
(Figure 12, page 95).

Thus the weight-average

molecular weight of this preparation was found to be 6.0 x
h
10 daltons while the z-average molecular weight was 2.2 x
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10^ daltons.
It has been shown that guanidinium chloride is effec
tive in replacing the hydrophobic and ionic forces respon
sible for the stability of protein-protein interactions
(Tanford et al., 1967).

Thus, treatment with this reagent

exposes all regions of the protein molecule, thereby
facilitating the reduction of disulfide bonds in those
areas of the protein normally inaccessible to attack by
reducing agents.

For these reasons a series of sedimen

tation equilibrium experiments was carried out on the enzyme
treated with 6.0 M guanidinium chloride and dithiothreitol.
The molecular weight obtained from an experiment with the
enzyme in the presence of 6.0 M guanidinium chloride and
5 x 10”3

m

dithiothreitol was 3.^ x 10^ daltons.

The

possible presence of forms of AGDH in which all disulfide
bonds are not reduced will cause the apparent weightaverage molecular weight to be greater than that of the
smallest component present in the preparation.

One

advantage of the meniscus depletion technique is to con
centrate species whose molecular weight is greater than that
of the bulk of the preparation in a small region at the
bottom of the centrifuge cell.
As an illustration of the extent of fractionation
which can be achieved with this method let us assume that in
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a typical experiment, at a rotor speed of 39*000 r.p.m. and
a solution column height of 2 cm, that the cell bottom is
7.1 cm from the axis of rotation.

In this case ninety per

cent of a protein of molecular weight of 6.0 x 10

2i

daltons

will be present in the bottom 0.36 cm of the cell while the
same fraction of a protein of molecular weight 3.0 x 10^
daltons will be contained in the bottom 0.76 cm of the cell.
Since the distribution of protein is an exponential function
of the radius (at constant speed) and if the higher molecular
weight species is present as a minor component, the effect
of this component should be apparent only in a small region
at the cell bottom.
To exploit this advantage, a series of experiments
was carried out at increasing rotor speeds on the protein
treated with 6.0 M guanidinium chloride and 0.01 M dithiothreitol (experiments 4, 5, and 6, Table VIII, page 101).
The presence of higher molecular weight species is confirmed
by the difference b-etween the weight- and z-average molecular
weight estimated from data obtained at a rotor speed which
did not deplete the meniscus (21,000 r.p.m.).

The results

of these experiments indicate that the smallest component
present in the preparation treated with dithiothreitol and
guanidinium chloride is about 2.8n x 10 4 daltons.

122

Titration with p--hydroxymercuribenzoate.

The pre

ceding experiments suggested the presence of interchain
disulfide bonds in the enzyme.

If this is the case then

there should be a difference in the number of titratable
sulfhydryl groups in the protein before and after reduction
of the enzyme with dithiothreitol.
to be the case (Table IX, page 103).

This was indeed found
The molecular weight

of the titrated preparation before reduction was found to
be 5.6 x 10^ daltons, while after reduction and titration
the molecular weight decreased by (about) one-half.

The

molecular weights observed for the reduced, titrated pre
paration were greater than those observed with the pre
paration treated with dithiothreitol and guanidinium
chloride.

These experiments also indicated a time-dependent

increase in the apparent molecular weight (Table IX).
These observations, coupled with the fact that excess dithio
threitol is effective in lowering the molecular weights of
these preparations, suggests that some reformation of
interchain disulfide bonds has occurred.

This is consis

tent with the known reversibility of the reaction between
]D-hydroxymercuribenzoate and thiols (Benesch and Benesch,
1962).

The molecular weight of the S-carboxymethyl deriv

ative of the enzyme (in which formation of disulfide bonds
is impossible) is consistent with the results obtained with
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the preparation treated with guanidinium chloride and
dithiothreitol.
Subunit Stoichiometry and Amino Acid Composition
The derivation of the equations used to evaluate the
photographic data as well as the treatment of the random
error involved in reading the photographs require that
molecular weights determined using the ultracentrifuge be
assigned an uncertainty of about five per cent.

The

greatest source of error arises from the ionic nature of
the protein, dissociating reagent, and electrolyte, and the
assumptions used to derive equations which are experi
mentally useful in evaluating data obtained from such
systems.

In the present case the data on net charge and

on the magnitude of protein-protein and protein-electrolyte
interactions which might have allowed a more complete
evaluation of the ultracentrifuge data could not be obtained.
Evaluation of the two parameters of charge and proteinprotein interaction require adequate quantities of dry
material.

Attempts to prepare AGDH in suitable form were

unsuccessful since the enzyme coagulates as soon as electro
lyte is removed.

Also, enzyme activity is rapidly lost

when the concentration of electrolyte is below about 0.1 M.
However the approximations which are made in the derivation
and use of these equations may be minimized (see Chapter V).
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With these limitations in mind, the molecular weight
of the smallest protein observed in these' studies may be
taken to be 2.8 + 0.14 x 10^ daltons (five per cent).

The

molecular weight of the dimer of this protein formed by
interchain disulfide bonds is then 5.6 + 0.28 x 10^ daltons.
A dodecamer of the smallest species (or a hexamer of the
dimer) will then have a molecular weight of 3.36 + 0.17 x
10^ daltons.
The experimentally determined molecular weights of
the native enzyme and the enzyme treated with urea and with
guanidinium chloride and PMB fall within the ranges postu
lated on the basis of a smallest species of molecular
weight 2.8 x 10^ daltons and a stoichiometry of the native
enzyme of 6(S^)9 where S represents the smallest species
observed in the ultracentrifuge.

The existence of disulfide

bonds between two species of molecular weight 2.8 x 10^
daltons is confirmed by the results obtained from the
experiments with the reduced enzyme and with the carboxymethyl derivative of the enzyme.

The existence of a stable

dimer of the smallest species is indicated by the experi
ments on the protein titrated with PMB before reduction.
The multiple molecular forms of AGDH which appeared
on ion-exchange chromatography may arise from a wide variety
of factors.

For example, multiple forms of alcohol
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dehydrogenase from Drosophila melanogaster containing 0, 1
and 2 moles of bound pyridine nucleotide were separated
electrophoretically (Jacobson, 1968).
sources have also been observed.

Other, non-genetic

Multiple forms of yeast

hexokinase were found to be derived from the action of a
protease (Gazith et_ al., 1965).

The removal of a C-terminal

tyrosine from chicken muscle aldolase led to the appearance
of additional forms of the enzyme (Masters, 1967).

Forms

of cytochrome c from Neurospora in which the dibasic amino
acids were aminated to different extents have been observed
(Kaplan et_ al. , 1968).

The glutamine synthetase of E. coli

exists in various forms differing from each other by their
content of covalently bound adenyl groups (Shapiro et al.,
1967).

Some of the serum cholinesterases appear to exist

as aggregates which differ in the rate of electrophoretic
migration (LaMotta et_ al. , 1965).

Finally, forms of

chicken mitochondrial malate dehydrogenase were shown to
differ only in conformation which resulted in different
electrophoretic behavior (Kitto e_t al. , 1966).
The most significant genetic cause for the existence
of isozymes is in cases where the protein is composed of
subunits.

Associations of the subunits of the enzyme in

different stoichiometries result in the appearance of
isozymes having the same molecular weight but different net
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charge (if the same is true of the subunits).

If it is

assumed that the A and B proteins which appear on poly
acrylamide gel electrophoresis represent the species of
molecular weight 2.8 x 10^ daltons which were observed in
the ultracentrifuge, then there are, three possible com
binations of these two subunits to form a dimer.

There

are 28 combinations of these dimers taken six ways, if it
is assumed that forms with identical dimer composition are
degenerate with respect to net charge.

Once the hexamers

of the dimers are formed, if it is assumed that the net
charge of each hexamer depends only on the number of each
kind of subunit present in the hexamer and not on which of
the three types of dimers contributed the subunit, then the
number of charge distinct isozymes is reduced to thirteen.
On the basis of this model the isozyme stoichiometry
of AGDH may be represented by the formula (A.
NB ),
(12-n) n
n = 0, 1, ..., 12. The isozyme with the lowest net negative
charge at pH 8 would therefore be composed of 12 A subunits
(the subunit with the lower number of glutamate plus aspartate
residues) and should therefore be eluted first from an
anionic ion-exchange column.

The net negative charge on

subsequent isozymes should increase as one B subunit replaces
one A subunit.

On this basis the isozymes should also be

eluted in this order.
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This model for the Isozyme stoichiometry may be
tested by comparing the amino acid composition of each of
the thirteen peaks eluted from the A-25 ion-exchange column
with the amino acid composition predicted for each hypo
thetical isozyme based on the proposed subunit stoichio
metry and the known amino acid composition of each subunit.
Thus the first peak eluted from the ion-exchange column
should have an amino acid composition similar to that of
the A subunit while the last peak should have an amino
acid composition similar to that of the B subunit.

Inspec

tion of Tables III and IV (pages 8i| and 85) shows good
agreement between the amino acid composition of the first
and last major peaks and the two subunits.
This relationship between the amino acid composition
of each peak and the composition predicted from the proposed
stoichiometry is further illustrated in Figures 20a-d.

In

these figures are plotted peak number versus the amino acid
content of the protein in each peak of seven amino acids
which are present in different amounts in the two subunits
and of one (alanine) which is present in equal amounts.

The

number of moles of each amino acid is based on the assumption
that the protein in each peak has a molecular weight of
340,000.

The straight line in each figure is the least-

squares line fitted through the plot of composition versus

AMINO ACID RESIDUES PER 340,000g PROTEIN

to
LU
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Figure -20. Relationship between the proposed and
experimentally determined amino acid composition of each
isozyme of glycerol dehydrogenase. "
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peak number.

The slope and intercept (at peak one) are

indicated by Mg and I0 respectively, while the root mean
square of the deviations about the fitted line is designated
as R. M. S. AA.A.
The change in amino acid content with peak number for
the hypothetical isozymes is the difference in the number
of moles of each amino acid in the two subunits.

This

theoretical slope is designated as M^ in Figure 20a-d
while the theoretical intercept at peak one (i.e., the
expected amino acid composition of that peak) is designated
as I .
The agreement between the experimental and proposed
amino acid composition of each peak suggests that the
origin of the isozymes of AGDH is indeed due to the associ
ation of the two subunits in the proposed stoichiometry.
However, it must be pointed out that other stoichiometries
could account for the appearance of at least some of the
isozymes.

Most notable is the possibility that the molecular

weight of the isozymes eluted from the ion-exchange column
may not all be the same.

As an example, the relative amino

acid composition (i.e., the number of residues per 100 moles
of amino acids) of an isozyme of the form (A^B^) would be
the same as that for an isozyme of the form (A^Bg) although
the molecular weights of the two would be quite different.
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The course of inactivation of this enzyme in A.
aerogenes (as described earlier) strongly suggests that the
enzyme may function as a control point during the metabolism
of glycerol.

The properties of control enzymes outlined

earlier suggest that subunit structure is at least an
incidental property of such enzymes.

It would thus be of

interest to determine whether AGDH is specifically sensitive
to compounds formed during the highly aerobic metabolism
of the organism but not related structurally to the
substrates of the enzyme.
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